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Figure 6 .  
Figure 7. 
Figure 8 .  
Live f i n g e r n a i l  clams, Musculium transversum, wh5ch 
were r a i s e d  i n  t h e  l abo ra to ry .  3  
Use of t h e  I l l i n o i s  River by l e s s e r  scaup ducks 
plummeted fol lowing t h e  die-off of f i n g e r n a i l  clams 
i n  1955 and has  never recovered. 6  
Live f i n g e r n a i l  clams, Musculium transversum, were 
obtained from t h e  Keokuk Pool ,  Mis s i s s ipp i  River ,  
us ing  a boat  s p e c i a l l y  equipped wi th  a c rane  and a 
Ponar grab sampler. 10 
Apparatus f o r  measuring t h e  e f f e c t s  of water q u a l i t y  
f a c t o r s  on t h e  c i l i a r y  bea t ing  r a t e  of clam g i l l s .  12 
Generalized clam anatomy, showing t h e  v i s c e r a l  
ganglion and t h e  g i l l ,  which a r e  used i n  t h e  c i l i a  
monitoring apparatus .  14 
Scanning e l e c t r o n  micrograph of g i l l  f i l amen t s  from 
t h e  b lue  mussel, Mytilus e d u l i s ,  showing t h e  g i l l  
f i l amen t s ,  l a t e r a l  c i l i a ,  l a t e r o - f r o n t a l  c i l i a ,  and 
f r o n t a l  c i l i a ,  which a r e  s i m i l a r  t o  those i n  t he  
f i n g e r n a l l  clam. 15 
Toxicant d i l u t e r s  which de l ive red  t e s t  s o l u t i o n s  o r  
w e l l  water t o  aqua r i a  which served a s  t e s t  chambers 
f o r  t h e  chronic  bioassays.  2 1 
Light  i n h i b i t s  t h e  bea t ing  of l a t e r a l  c i l i a  on t h e  
g i l l s  of two Sphaeriacean clams (Musculium transversum 
and Corbicula manilensis)  and t h e  un re l a t ed  i n t e r t i d a l  
mussel (Mytilus e d u l i s ) .  3  4 
Figure 9. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  and smal l  
f i n g e r n a i l  clams (Musculium transversum), t h e  A s i a t i c  
clam (Corbicula mani lens is )  and t h e  b lue  mussel 
(Mytilus e d u l i s )  t o  temperature.  36 
Figure 10. Beat ing r a t e  of c i l i a  on g i l l s  from l a r g e  f i n g e r n a i l  
clams i s  p ropor t iona l  t o  t h e  inc rease  i n  water  
temperature.  3  8  
Figure  11. Beating r a t e  of c i l i a  on g i l l s  from smal l  clams is  
p ropor t iona l  t o  t h e  i n c r e a s e  i n  water  temperature.  38 
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Figure 12. The c i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  and 
smal l  f i n g e r n a i l  clams increased a s  t h e  oxygen 
concent ra t ion  of t h e  water increased.  39 
Figure 13. The c i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  and 
smal l  f i n g e r n a i l  clams (Musculium transversum), A s i a t i c  
clams (Corbicula mani lens is ) ,  and t h e  b lue  mussel 
(Mytilus e d u l i s )  decl ined when t h e  oxygen l e v e l  was 
reduced from 10 t o  2 mg/l, and recovered when t h e  
- - 
oxygen l e v e l  was r e s to red  t o  10 mg/l 4  0 
Figure 14. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. 
A potassium concent ra t ion  of 39 mg/l maintains a  b a s a l  
r a t e ;  higher  concent ra t ions  a r e  c i l i o - i n h i b i t o r y .  4  6 
Figure 15. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. 
A potassium concent ra t ion  of 39 mg/l maintains a  b a s a l  
r a t e ,  while  lower concent ra t ions  (3.9 and 0.039 mg/l) 
temporari ly e x c i t e  t h e  c i l i a .  47 
Figure 16. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. 
Continuous exposure of t h e  g i l l s  t o  potassium concen- 
t r a t i o n s  of 0.039 and 0.0039 mg/l causes an inc rease  
i n  c i l i a r y  bea t ing  r a t e  f o r  fou r  days, followed by a  
r e t u r n  t o  nea r ly  t h e  b a s a l  r a t e  o r  s l i g h t l y  above. 4  7 
Figure 17. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  clams. 
A potassium concent ra t ion  of 0.039 mg/l main ta ins  a  
b a s a l  r a t e ;  h igher  concent ra t ions  a r e  c i l i o - i n h i b i t o r y .  48 
Figure 18. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  clams. 
Potassium concent ra t ions  of 0.0039 and 0.00039 mg/l 
e x c i t e  t h e  c i l i a ;  while  0.000039 and 0.0000039 f a i l  
t o  maintain t h e  basa l  r a t e .  4  8 
Figure 19. C i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  clams f a i l s  
t o  recover  from i n h i b i t i n g  e f f e c t  of potassium 
withdrawal. 49 
Figure 20. G i l l s  from l a r g e  clams show a g r e a t e r  l a g  than g i l l s  
from small  clams i n  response t o  a  c i l i o - e x c i t a t o r y  
l e v e l  of potassium. 5 0 
Figure 21. Comparison of acute  t o x i c i t y  curves,  a d u l t  t e s t  A1 
and juven i l e  t e s t  J1. 5  1 
Figure 22. Comparison of acu te  t o x i c i t y  curves of a d u l t  test A2 
and juven i l e  t e s t  52. 52 
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F igure  23. I n  t h e  f i r s t  chronic  b ioassay  w i t h  potassium (Kl) ,  
t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  m o r t a l i t y  
of  clams exposed t o  t h e  d i f f e r e n t  potassium 
concent ra t  ions.  53 
F igure  24. I n  t h e  f i r s t  chronic  b ioassay  wi th  potassium (Kl) ,  
t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  growth 
( i n  l eng th )  of clams exposed t o  t h e  d i f f e r e n t  
potassium concent ra t ions .  54 
F igure  25. I n  t h e  second chronic  b ioassay  wi th  potassium (K2) 
t h e  m o r t a l i t y  of clams exposed t o  275 mg/l was sTg- 
n i f i c a n t l y  g r e a t e r  than  t h e  m o r t a l i t y  i n  t h e  lower 
concent ra t ions  and i n  water  wi th  no added potassium. 5 5 
F igure  26. I n  t h e  second chronic  b ioassay  wi th  potassium (K2), 
t h e r e  w e r e  no s i g n i f i c a n t  r e d u c t i o n s i n  growth of t h e  
clams exposed t o  t h e  d i f f e r e n t  potassium concent ra t ions .  56 
F igure  27. Clams exposed t o  potassium i n  hard water  (314 mg/l 
a s  CaC03) d i d  n o t  d i e  a s  r a p i d l y  a s  clams exposed t o  
potassium i n  s o f t e r  water  (243 mg/l a s  CaC03). 5  9 
F igure  28. Juven i l e  f i n g e r n a i l  clams d i ed  more r a p i d l y  i n  warm 
water  than i n  coo l  water  when exposed t o  potassium 
c h l o r i d e ,  bu t  t h e  l e t h a l  t h r e sho lds  a t  t h e  two tem- 
p e r a t u r e s  were probably almost t h e  same. 6  0  
F igure  29. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  and 
sma l l  f i n g e r n a i l  clams t o  un-ionized ammonia. 6 1 
Figure  30. C i l i a r y  bea t ing  response of g i l l s  from t h e  A s i a t i c  
clam (Corbicula  man i l ens i s ) ,  a  f reshwater  mussel 
( E l l i p t i o  complanata),  and a  marine mussel (Mytilus 
e d u l i s ) ,  t o  un-ionized ammonia. 62 
F igure  31. C i l i a r y  b e a t i n g  r a t e s  of g i l l s  from smal l  clams d i d  
no t  decrease  when t h e  g i l l s  were exposed t o  .07 mg/l 
NH -N and oxygen concen t r a t i ons  of 14 mg/l o r  more 
(130% o r  more of t h e  oxygen s a t u r a t i o n  concen t r a t i on  
of 9.18 mgll)  . 6 4 
F igure  32. The c i l i a r y  bea t ing  r a t e s  of g i l l s  from l a r g e  f i nge r -  
n a i l  clams decreased markedly when t h e  g i l l s  were 
exposed t o  .07 mg/l NH -N, and oxygen concent ra t ions  3 below 12 mg/l (130% of s a t u r a t i o n ) .  64 
F igure  33. Un-ionized ammonia concen t r a t i ons  of .93 and .59 mg/l 
( a s  NH3-N) caused s i g n i f i c a n t  m o r t a l i t y  among 
f i n g e r n a i l  clams a f t e r  42 days of exposure.  6  5  
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An un-ionized a m o n i a  concentrat ion of 1.20 mg/l 
caused s i g n i f i c a n t  mor t a l i t y  among f i n g e r n a i l  clams 
a f t e r  14 days of exposure, and a concent ra t ion  of 
0.60 mgll caused s i g n i f i c a n t  m o r t a l i t y  a f t e r  42  days. 6 7 
Un-ionized ammonia concent ra t ions  of 0.34 and 0.60 
mg/l (NH - N )  s i g n i f i c a n t l y  reduced t h e  growth of 3 f i n g e r n a i l  clams a f t e r  14 days of exposure. 68 
The c i l i a r y  bea t ing  response t o  potassium of g i l l s  
from clams previous ly  exposed f o r  44 days t o  sub- 
l e t h a l  NH3-N concent ra t ions  of 0 . 1  and 0.2 mg/l was 
markedly a l t e r e d  i n  comparison t o  t h e  response of g i l l s  
from clams not  p rev ious lyexposed to  ammonia. 7 0 
When clams a r e  exposed t o  s u b l e t h a l  concent ra t ions  of 
un-ionized ammonia ( 0 . 1  and 0.2  mgll NH N) f o r  44 3- days, t h e i r  g i l l s  a r e  s e n s i t i z e d  t o  subsequent addi- 
t i o n s  of ammonia. 7 1 
Previous exposure of clams t o  s u b l e t h a l  concent ra t ions  
of un-ionized ammonia reduces t h e  maximum c i l f a r y  
response of t h e i r  g i l l s  t o  temperature and a l s o  
reduces t h e  temperature range i n  which normal c i l i a r y  
a c t i v i t y  can be maintained. 7 2  
Previous exposure of f i n g e r n a i l  clams t o  s u b l e t h a l  
concent ra t ions  of un-ionized ammonia reduces t h e  
a b i l i t y  of t h e  g i l l s  t o  inc rease  t h e i r  c i l i a r y  bea t ing  
r a t e  i n  response t o  inc reas ing  concent ra t ions  of 
oxygen. 7 3  
Low oxygen concent ra t ions  cause g r e a t e r  i n h i b i t i o n  
of c i l i a r y  bea t ing  r a t e s  on g i l l s  from clams 
previous ly  exposed t o  s u b l e t h a l  concent ra t ions  of 
ammonia than  on g i l l s  from clams not  exposed t o  
ammonia. 7 4 
The peak number of f i n g e r n a i l  clams i n  bottom 
samples from Keokuk Pool,  Miss i s s ipp i  River decl ined 
by 90% i n  1976-1977. 7 7 
The growth of f i n g e r n a i l  clams i n  t h e  Keokuk Pool,  
Miss i s s ipp i  River,  was reduced i n  1976. 7 8 
x i i  
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Figure  44. Mis s i s s ipp i  River d ischarge  a t  Keokuk, Iowa, showing 
t h e  e f f e c t s  of t h e  1976-1977 drought.  79 
F igure  45. The concent ra t ion  of un-ionized ammonia (NH -N) i n  3 t h e  Keokuk Pool,  Mis s i s s ipp i  River,  was g r e a t e r  i n  
1976 than  i n  1973. 8 0 
F igure  46. The c i l i a r y  a c t i v i t y  of g i l l s  from small  f i n g e r n a i l  
clams was almost completely i n h i b i t e d  when t h e  g i l l s  
were exposed t o  water  taken from t h e  I l l i n o i s  River.  85 
F igure  47. The white  arrows show t h e  curved s h e l l s  which 
developed when t h e  clams were exposed t o  I l l i n o i s  
River water  which had been contaminated wi th  meta ls .  86 
x i i i  
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Apparatus  and methods were developed f o r  t e s t i n g  t h e  e f f e c t s  of w a t e r  
q u a l i t y  f a c t o r s  on t h e  c i l i a r y  b e a t i n g  r a t e  of clam g i l l s .  Musculium t r a n s -  
versum was chosen a s  t h e  t e s t  organism because  i t  is  a major  food s o u r c e  f o r  
f i s h  and wate r fowl ,  and because  i t  has  d i e d  o u t  i n  a r e a s  of t h e  I l l i n o i s  River  
where i t  was fo rmer ly  abundant.  P o p u l a t i o n s  of t h i s  f i n g e r n a i l  c l am a l s o  de- 
c l i n e d  r e c e n t l y  i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  R i v e r ,  an  impor tan t  f e e d i n g  
a r e a  f o r  m i g r a t o r y  wate r fowl  and commercia l ly  v a l u a b l e  s p e c i e s  of f i s h .  
The c i l i a r y  b e a t i n g  response  i s  ex t remely  s e n s i t i v e .  For  example, a z i n c  
c o n c e n t r a t i o n  of .00006 p g / l  produced a s t a t i s t i c a l l y  s i g n i f i c a n t  r e d u c t i o n  i n  
t h e  c i l i a r y  b e a t i n g  r a t e  of g i l l s  from l a r g e  f i n g e r n a i l  clams. G i l l s  from s m a l l  
clams were much l e s s  s e n s i t i v e ,  r e q u i r i n g  .06-.6 y g / l  z i n c  t o  produce t h e  same 
response .  C o n c e n t r a t i o n s  of po tass ium and un-ionized ammonia which i n h i b i t e d  
t h e  c i l i a r y  b e a t i n g  r e s p o n s e  of g i l l s  from s m a l l  clams were q u i t e  c l o s e  t o  t h e  
c o n c e n t r a t i o n s  which reduced t h e  s u r v i v a l  o r  growth of i n t a c t  clams d u r i n g  
c h r o n i c  b i o a s s a y s .  The t h r e s h o l d  c o n c e n t r a t i o n  of po tass ium f o r  c i l i a  i n h i b i -  
t i o n  of s m a l l  clams l a y  between 39 and 390 mg/l. The maximum a c c e p t a b l e  t o x i -  
c a n t  c o n c e n t r a t i o n  (MATC) f o r  long-term s u r v i v a l  of f i n g e r n a i l  clams l a y  between 
195 and 275 mg/ l  potassium. Un-ionized ammonia c o n c e n t r a t i o n s  of .08-. 09 mg/l  
i n h i b i t e d  t h e  c i l i a  of small c lams,  and t h e  growth of t h e  clams was reduced a t  
c o n c e n t r a t i o n s  between .20 and .34 m g l l  NH3-N. 
I n  a d d i t i o n  t o  po tass ium and ammonia, t h e  f o l l o w i n g  f a c t o r s  were  t e s t e d  
s i n g l y  o r  i n  combination: l i g h t ,  t empera tu re ,  d i s s o l v e d  oxygen, sodium n i t r a t e ,  
sodium s u l f a t e ,  cyan ide ,  l e a d ,  copper ,  z i n c ,  suspens ions  of s i l i c a  p a r t i c l e s ,  
s u s p e n s i o n s  o f  i l l i t e  c l a y  p a r t i c l e s ,  and raw I l l i n o i s  River  w a t e r .  Comparison 
of t h e  l e v e l s  o f  t h e s e  w a t e r  q u a l i t y  f a c t o r s  i n  t h e  I l l i n o i s  and M i s s i s s i p p i  
R i v e r s  w i t h  t h e  l e v e l s  which had d e t r i m e n t a l  e f f e c t s  on t h e  clam g i l l s  sug- 
g e s t s  t h a t  un-ionized ammonia and heavy m e t a l s  may have a f f e c t e d  f i n g e r n a i l  
clams i n  t h e  I l l i n o i s  R i v e r  i n  t h e  1950 's  and i n  t h e  M i s s i s s i p p i  R i v e r  i n  
1976-1977. These t e n t a t i v e  c o n c l u s i o n s  shou ld  be  v a l i d a t e d  u s i n g  c h r o n i c  
b i o a s s a y s  i n  which f i n g e r n a i l  clams are exposed t o  c o n d i t i o n s  s i m u l a t i n g  t h o s e  
i n  t h e  M i s s i s s i p p i  R iver  i n  1976-1977, and by d e l e t i o n  b i o a s s a y s  i n  which cer-  
t a i n  components a r e  removed from raw I l l i n o i s  River  w a t e r  and t h e  s u r v i v a l ,  
growth,  and r e p r o d u c t i o n  o f  clams i n  t h e  t r e a t e d  w a t e r  a r e  measured. 
KEY WORDS: wate r  p o l l u t i o n  e f f e c t s ,  b i o a s s a y ,  b i o i n d i c a t o r s ,  animal  
phys io logy ,  f i n g e r n a i l  c lams,  Sphaerium t ransversum,  Musculium t ransversum,  
S p h a e r i i d a e ,  heavy m e t a l s ,  s i l t ,  h e a t ,  d i s s o l v e d  oxygen, c y a n i d e ,  ammonia, 
. - 
potass ium,  suspended s o l i d s ,  suspended sed iment ,  sodium n i t r a t e ,  sodium 
s u l f a t e ,  l e a d ,  copper ,  z i n c ,  Keokuk P o o l ,  M i s s i s s i p p i  R i v e r ,  I l l i n o i s  R i v e r ,  
A s i a t i c  clam, Corb icu la  m a n i l e n s i s ,  b l u e  musse l ,  M y t i l u s  e d u l i s ,  E l l i p t i o  
complanata.  
INTRODUCTION AND BACKGROUND 
F inge rna i l  clams (Family Sphaeri idae)  a r e  dominant bottom-dwelling 
animals i n  some waters  of t he  midwestern p a r t  of t he  United S t a t e s .  They 
a r e  found i n  major r i v e r s  (Gale, 1969: v )  , i n  l akes  (Emmling, 1974: l l ) ,  
even i n  bottomlands which a r e  only i n t e r m i t t e n t l y  flooded (Hubert, 1972: 
177-178), and a r e  key l i n k s  i n  food chains lead ing  from n u t r i e n t s  i n  water 
and mud t o  f i s h  and ducks which a r e  u t i l i z e d  by man. F inge rna i l  clams 
f i l t e r  a lgae ,  b a c t e r i a ,  and organic  ma t t e r  from water.  Because t h e  clams a r e  
smal l  ( l e s s  than 15 mm long when full-grown), they i n  t u r n  a r e  r e a d i l y  con- 
sumed by ducks and bottom-feeding f i s h .  A s h o r t  food chain of t h i s  type  
can support  a l a r g e r  biomass a t  t h e  top l e v e l  (ducks and f i s h )  than a 
longer one. 
The f i n g e r n a i l  clam, Musculium transversum (Say, 1829),  shown i n  
Figure 1, p r e f e r s  b i g  r i v e r  h a b i t a t  w i th  a s i l t  bottom where peak numbers 
Z 
may exceed 100,00O/m a s  i n  t he  Keokuk Pool,  Mis s i s s ipp i  River (Gale, 1969: 
v ) .  Keokuk Pool is a 74-km (46-mile) s e c t i o n  of t h e  mainstem of t he  Missis- 
s i p p i  extending from Lock and Dam 19 a t  Keokuk, Iowa t o  Lock and Dam 18 
near  Bur l ing ton ,  Iowa. Ranthum (1969) and Jude (1968, 1973) s tud ied  t h e  food 
h a b i t s  of f i s h  i n  t h e  Keokuk Pool and found t h a t  a t  c e r t a i n  t imes of t he  
year  f i n g e r n a i l  clams made up 100% by volume of t h e  d i e t s  of carp (Cyprinus 
carp io)  and smallmouth bu f fa lo  ( I c t i o b u s  bubalus) ,  and 10 t o  70% of t h e  d i e t s  
of b lack  bul lhead ( I c t a l u r u s  melas) , gizzard  shad (Dorosoma cepedianum), 
pumpkinseed (Lepomis gibbosus) , bigmouth b u f f a l o  ( ~ c t i o b u s  c y p r i n e l l u s )  , 
f reshwater  drum (Aplodinotus grunniens) , and b l u e g i l l  (Lepomis macrochirus) . 
These f i s h e s  inc lude  commercial, s p o r t ,  and forage  spec ies .  
Figure I .  Live f i n g e r n a i l  clams, Musculium transversurn, which were r a i s e d  
i n  t h e  labora tory .  The l a r g e  i n d i v i d u a l s  a r e  approximately 
8 mm ac ros s  t h e  longes t  dimension of t h e  s h e l l ,  and w i l l  grow 
t o  15 mm. The smal l ,  l igh t -co lored  clam i n  t h e  upper l e f t  is  
new-born and i s  approximately 2 mm across .  The clam i n  t h e  
c e n t e r  has extended i ts  siphons,  and t h e  i n d i v i d u a l  j u s t  t o  
t h e  r i g h t  and below cen te r  has  extended i ts  foo t .  
Thompson (1973: 379) est imated t h a t  l e s s e r  scaup ducks (Aythya a f f i n i s ) ,  
ring-necked ducks (Aythya c o l l a r i s ) ,  canvasbacks (Aythya v a l i s i n e r i a ) ,  common 
goldeneyes (Bucephala clangula) ,and ruddy ducks (Oxyura jamaicensis)  consumed 
2.2 m i l l i o n  kg (4.8 m i l l i o n  pounds) of f i n g e r n a i l  clams i n  Keokuk Pool during 
t h e  f a l l  migra t ion  of 1967, o r  approximately 24% of t h e  s tanding  crop of 
f i n g e r n a i l  clams a t  t h e  Keokuk Pool (Gale, 1973: 175). Thompson found t h a t  
t h e  clams made up 85-95% by volume of food i tems taken by these  ducks i n  t h e  
sp r ing  of 1967. The Keokuk Pool a t t r a c t s  about 20 m i l l i o n  d iv ing  duck-days 
of use pe r  year  (Personal  comunica t ion ,  F.C. Be l l rose ,  W i l d l i f e  S p e c i a l i s t ,  
I l l i n o i s  Natura l  His tory  Survey, August, 1976) and has been cha rac te r i zed  a s  
t h e  most important in land  body of water  f o r  d iv ing  ducks i n  North America 
(Trauger and S e r i e ,  1974: 71). 
I n  t h e  mid-1950's f i n g e r n a i l  clams v i r t u a l l y  disappeared from a  100-mile 
s e c t i o n  of t h e  I l l i n o i s  River ,  a  t r i b u t a r y  of t h e  Miss i s s ipp i  River,  due t o  
unknown causes (Paloumpis and S t a r r e t t ,  1960: 406-435; Anderson, 1977: 3, 48- 
54).  A survey of t h e  bottom fauna of t h e  I l l i n o i s  River by Anderson i n  1975 
(Anderson, 1977: 5) revealed t h a t  f i n g e r n a i l  clams were s t i l l  absent  from the  
middle reach of t h e  River ,  where they had been abundant p r i o r  t o  t h e  die-off 
i n  t h e  19501s. F inge rna i l  clams can quickly  repopulate  an a r e a  when condi t ions  
a r e  s u i t a b l e .  The clams can complete a  l i f e  cyc le  i n  33 days (Gale, 1969: v ) ,  
and remnant "seed" populat ions a r e  a v a i l a b l e  i n  t r i b u t a r y  streams and i n  an 
a r e a  of Peor i a  Lake where sp r ing  flow occurs  (.Anderson, 1977: 48-54). Some 
f a c t o r  o r  f a c t o r s  i n  t h e  I l l i n o i s  River c u r r e n t l y  prevent  t h e  clams from 
recoloniz ing  a r e a s  where they were formerly abundant. The unknown f a c t o r  i s  
probably t h e  same one which caused t h e  o r i g i n a l  die-off i n  t h e  19501s, 
a l though i t  is  poss ib l e  t h a t  t h e  f a c t o r  which e l iminated  the  clams has  been 
replaced by another  f a c t o r  which prevents  recoloniza t ion .  
A s  a  r e s u l t  of t h e  die-off of f i n g e r n a i l  clams, t h e  number of d iv ing  
ducks, such a s  l e s s e r  scaups and canvasbacks, using t h e  I l l i n o i s  River dur ing  
migra t ion  dec l ined  d r a s t i c a l l y  (Mi l l s ,  S t a r r e t t ,  and Be l l ro se ,  1966: 18-20) 
and has never  recovered s i n c e  t h a t  t ime (F igure  2) .  Some of t h e  ducks evi-  
den t ly  s h i f t e d  t h e i r  migrat ion r o u t e  t o  t h e  Miss i s s ipp i  River ,  where f inge r -  
n a i l  clams were s t i l l  a v a i l a b l e  (Mi l l s  e t  a l . ,  1966: 18) .  Carp i n  t h e  s e c t i o n  
of t h e  I l l i n o i s  River where t h e  die-off of f i n g e r n a i l  clams occurred a r e  
measurably t h i n n e r  and smal le r  than downstream f i s h ,  probably because of 
poorer  n u t r i t i o n  (Mi l l s  e t  a l . ,  1966: 17) .  I n  t h e  1960's ,  f i n g e r n a i l  clams 
formed 50.2 percent  by volume of  t h e  food i tems taken by carp i n  s e c t i o n s  of 
t h e  r i v e r  unaf fec ted  by t h e  d ie -of f ,  bu t  only one clam was found i n  a  carp 
from t h e  a f f e c t e d  s e c t i o n  ( S t a r r e t t ,  1972: 151). 
The disappearance of t h e  f i n g e r n a i l  clams i n  t h e  I l l i n o i s  River and t h e  
dramatic  e c o l o g i c a l  repercuss ions  of t h a t  disappearance i l l u s t r a t e  t h e  
need f o r  a s se s s ing  water  q u a l i t y  e f f e c t s  on lower organisms, i n  a d d i t i o n  t o  
f i s h .  Apparently f i n g e r n a i l  clams a r e  more s e n s i t i v e  than  f i s h  t o  some f a c t o r  
i n  I l l i n o i s  River water .  I f  t h e  e f f e c t s  of water  q u a l i t y  f a c t o r s  on clams 
can be determined, i t  might be p o s s i b l e  t o  make cond i t i ons  i n  t h e  I l l i n o i s  
River  s u i t a b l e  f o r  f i n g e r n a i l  clams aga in  and t o  prevent  a  s i m i l a r  eco log ica l  
d i s a s t e r  from occurr ing  i n  t h e  M i s s i s s i p p i  River.  Res to ra t ion  of f i n g e r n a i l  
clam popula t ions  i n  t h e  I l l i n o i s  River would d rama t i ca l ly  i n c r e a s e  f i s h  pro- 
duc t ion  and d iv ing  duck u t i l i z a t i o n  of t h e  r i v e r .  
I n  o rde r  t o  determine t h e  e f f e c t s  of water  q u a l i t y  on f i n g e r n a i l  clams, 
a  type  of organism f o r  which no s tandard  t e s t i n g  methods e x i s t ,  t h r e e  methods 
were developed during t h i s  p r o j e c t :  a  r ap id  screening  method, an a c u t e  bio- 
assay  method, and a  chronic  b ioassay  method. S h e l l s  of clams which had been 
Figure 2. Use of the Illinois River by lesser scaup ducks plummeted 
following the die-off of fingernail clams in 1955 and 
has never recovered. 
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exposed t o  I l l i n o i s  River  water  were a l s o  subjec ted  t o  elemental  a n a l y s i s  
us ing  X-ray microprobe techniques.  The development of r ap id  screening  methods 
is of p a r t i c u l a r  importance, because of t h e  l eng th  of time r equ i r ed  t o  
complete most acute  and chronic b ioassays  and because of t h e  a c c e l e r a t i n g  
r a t e  of product ion of new chemicals which should be t e s t e d  be fo re  being re-  
l ea sed  t o  t h e  environment. 
METHODS 
General Approach 
It would t ake  one l i f e t i m e ,  o r  perhaps s e v e r a l ,  t o  t e s t  a l l  pos s ib l e  
f a c t o r s  which might a f f e c t  s u r v i v a l  of f i n g e r n a i l  clams. We took two approaches 
t o  reduce t h e  burden of t e s t i n g  t o  a  manageable s i z e .  Our f i r s t  approach 
was t o  compare water  q u a l i t y  i n  t h e  I l l i n o i s  River be fo re  and a f t e r  t h e  die-  
off  of f i n g e r n a i l  clams, and t o  compare r ecen t  water  q u a l i t y  i n  t h e  I l l i n o i s  
River wi th  water q u a l i t y  i n  t h e  Keokuk Pool ,  Mis s i s s ipp i  River ,  where f inger-  
n a i l  clams a r e  s t i l l  abundant. We used t h e  annual summaries of d a t a  from 
t h e  Water Qual i ty  Sampling Program of t h e  I l l i n o i s  Environmental P r o t e c t i o n  
Agency (IEPA). The IEPA was e s t a b l i s h e d  i n  1970. Older d a t a  were obtained 
from t h e  I l l i n o i s  S t a t e  Water Survey, which has  had a  water  q u a l i t y  sampling 
s t a t i o n  on t h e  I l l i n o i s  River  a t  Peor ia .  We a l s o  used some a d d i t i o n a l  water 
q u a l i t y  d a t a  obtained during b i o l o g i c a l  surveys conducted by t h e  I l l i n o i s  
Natura l  His tory  Survey. 
The second approach was t o  develop a  method f o r  r a p i d l y  a s se s s ing  t h e  
e f f e c t s  of water q u a l i t y  f a c t o r s  on f i n g e r n a i l  clams. The r a p i d  method measures 
t h e  average r a t e  of bea t ing  of l a t e r a l  c i l i a  on excised clam g i l l s .  The bea t ing  
r a t e  of t h e  l a t e r a l  c i l i a  is p r e c i s e l y  regula ted  and coordinated.  Changes 
i n  bea t ing  r a t e ,  o r  o the r  changes, such a s  stoppage of t h e  l a t e r a l  c i l i a  o r  
a  change from a  metachronal t o  a  synchronal  p a t t e r n ,  occur r a p i d l y  (within 
15 min t o  1 h)  i n  response t o  a  v a r i e t y  t o  s t i m u l i ,  and can be observed and 
measured w i t h i n  minutes by t h e  method t o  be  descr ibed i n  more d e t a i l  below. 
Since t h e  l a t e r a l  c i l i a  on t h e  g i l l s  of t h e  clam produce t h e  water  c u r r e n t s  
which br ing  food and oxygenated water  i n t o  t h e  clam and c a r r y  wastes  away, 
any impairment of c i l i a r y  func t ion  by a  p o l l u t a n t  would be  de t r imen ta l  t o  
t h e  clam. 
Once t h e  r a p i d  assessment technique had been used t o  determine which 
water  q u a l i t y  f a c t o r s  had t h e  g r e a t e s t  e f f e c t  on f i n g e r n a i l  clam g i l l s ,  two 
of t h e  water  q u a l i t y  f a c t o r s  were s e l e c t e d  f o r  f u r t h e r  t e s t i n g  us ing  a c u t e  
and chronic  b ioassay  methods. It was p o s s i b l e  t h a t  one l e v e l  of a  water  
q u a l i t y  f a c t o r  would e l i c i t  a  response from a g i l l  p r epa ra t ion ,  but  no t  a f -  
f e c t  t h e  i n t a c t  organism, where a d d i t i o n a l  homeostatic mechanisms were opera- 
t i n g .  The a c u t e  and chronic  b ioassay  methods were developed a s  p a r t  of t h i s  
r e sea rch ,  and we a l s o  inves t iga t ed  s e v e r a l  a l t e r n a t i v e  methods f o r  determining 
when t h e  clams had died.  
Co l l ec t ion  of F inge rna i l  Clams 
F i n g e r n a i l  clams were c o l l e c t e d  from t h e  Keokuk Pool of t h e  Miss i s s ipp i  
River  us ing  an 18-foot boat equipped wi th  a  crane and a  Ponar grab  sampler 
(F igure  3 ) .  F i n g e r n a i l  clams were sepa ra t ed  from t h e  mud by pressure-s iev ing  
t h e  Ponar samples through a  30-mesh sc reen  wi th  a  12-volt ba t te ry-opera ted  
water  pump. The clams were c a r r i e d  t o  t h e  l abo ra to ry  i n  3 7 - l i t e r  p l a s t i c  
coo le r s  equipped wi th  a e r a t o r s  and h a l f - f i l l e d  wi th  Miss i s s ipp i  River water .  
Approximately 100 ga l lons  of r i v e r  water  was pumped i n t o  a  tank and brought 
back t o  t h e  l abo ra to ry  a t  Havana, I l l i n o i s .  
Rapid Screening Methods 
Clams used i n  t h e  rap id  t e s t i n g  appara tus  a t  Southern I l l i n o i s  Univers i ty  
were t r anspor t ed  from Havana by t r u c k  o r  shipped v i a  p a r c e l  pos t  i n  p l a s t i c  
Figure 3. Live f i n g e r n a i l  clams, Musculium transversum, were obtained from 
t h e  Keokuk Pool,  Miss iss ippi  River,  using a boat  s p e c i a l l y  
equipped with a crane and a Ponar grab sampler. Clams were 
separa ted  from t h e  mud by p res su re  s i ev ing  t h e  Ponar samples 
through a 30-mesh screen  mounted on t h e  s i d e  of t h e  boat .  
bags o r  j a r s  surrounded by styrofoam i n s u l a t i o n  t o  minimize temperature 
changes. The clams were de l ive red  wi th in  3 t o  5 days of capture .  
Clams used i n  t h e  c i l i a  monitoring appara tus  were d iv ided  i n t o  s m a l l  
( 1  t o  5 mm s h e l l  l ength)  and l a r g e  (6 t o  11 mm s h e l l  l eng th )  s i z e  c l a s s e s  
and kept  i n  s epa ra t e  tanks.  They were accl imated a t  l e a s t  one week i n  
i n v e r t e b r a t e  phys io logica l  s o l u t i o n  i n  two I n s t a n t  Ocean aqua r i a  (tempera- 
t u r e  17 C and pH 7.8 t o  8 .2) .  Two of t h e  chemicals t e s t e d ,  sodium and 
potassium, a r e  components of t h e  s tandard  phys io log ica l  s o l u t i o n  used t o  
main ta in  t h e  clams and t o  ba the  t h e  i s o l a t e d  g i l l s .  I n  experiments where 
potassium o r  sodium was t h e  t e s t  m a t e r i a l ,  phys io log ica l  s o l u t i o n  w a s  pre- 
pared without  t h e  t e s t  ma te r i a l .  Reagent grade s a l t s  were then  added t o  t h e  
s o l u t i o n  t o  produce t h e  des i r ed  concent ra t ion  of t h e  t e s t  m a t e r i a l .  
The e f f e c t s  of suspended p a r t i c l e s  on f i n g e r n a i l  clam g i l l s  were 
determined by measuring t h e  -- r a t e  of t r a n s p o r t  of p a r t i c l e s  ac ros s  i s o l a t e d  
clam g i l l s  maintained i n  p e t r i  d i shes .  The clam g i l l s  were observed under 
a microscope, and t h e  movement of p a r t i c l e s  ac ros s  a known d i s t a n c e  i n  t h e  
microscope f i e l d  was timed. The e f f e c t s  of low d isso lved  oxygen concent ra t ions  
i n  combination wi th  suspensions of i l l i t e  c l a y  and s i l i c a  f l o u r  were a l s o  
determined. 
The e f f e c t s  of t h e  fol lowing 13 f a c t o r s  and f a c t o r  combinations on t h e  
c i l i a r y  bea t ing  r a t e  of f i n g e r n a i l  clam g i l l s  were determined: 
Temperature Potassium Chloride Ammonium Chloride 
Dissolved Oxygen Potassium Cyanide Raw I l l i n o i s  River Water 
and Sediment 
Sodium Cyanide Lead N i t r a t e  
Low Dissolved Oxygen and 
Sodium N i t r a t e  Copper S u l f a t e  Ammonium Chloride 
Sodium S u l f a t e  Zinc S u l f a t e  
The appara tus  f o r  monitoring c i l i a r y  a c t i v i t y  of clam g i l l s  was 
s p e c i a l l y  cons t ruc ted  f o r  t h i s  research  (Figure 4 ) .  The appara tus  
c o n s i s t s  of two coupled.microscopes wi th  an aluminum scanning s t a g e  
which holds  t w o p e t r i d i s h e s ,  each conta in ing  a  g i l l  p r epa ra t ion .  Water 
from a constant- temperature ba th  c i r c u l a t e s  through c o i l s  embedded i n  t h e  
w a l l s  of t h e  s t a g e  i n  o rde r  t o  c o n t r o l  t h e  temperature i n  t h e  p e t r i  d i shes .  
Figure 4. Apparatus f o r  measuring t h e  e f f e c t s  of water  q u a l i t y  f a c t o r s  on 
t h e  c i l i a r y  bea t ing  r a t e  of clam g i . 1 1 ~ .  
A: Analog t o  d i g i t a l  conver te r  on t h e  s t roboscopic  l i g h t  c o n t r o l l e r .  
B: Stroboscopic l i g h t  r e f l e c t o r  lead ing  t o  two l i g h t  rods  which 
t r ansmi t  l i g h t  t o  t h e  s t a g e s  of t h e  microscope. 
C: Motorized scanning s t a g e  wi th  a  hollow core  f o r  t h e  c i r c u l a t i o n  
of water from a cons tan t  temperature ba th .  
D: Push-button c o n t r o l  f o r  t h e  motorized s t a g e .  When a bu t ton  i s  
depressed,  t h e  st'age w i l l  au tomat ica l ly  r e t u r n  t o  a  p re se l ec t ed  
po in t .  
E: D i g i t a l  d i s p l a y  of c i l i a r y  bea t ing  r a t e .  
Temperatures and d isso lved  oxygen concent ra t ions  i n  t h e  p e t r i  d i shes  a r e  
monitored by thermis tor  meters and membrane e l ec t rodes .  A continuous flow 
of s tandard  phys io logica l  s o l u t i o n  o r  s o l u t i o n  t o  which t e s t  chemicals have 
been added can be maintained ac ross  t h e  p e t r i  d i shes  by means of metering pumps. 
Twelve s e t s  of measurements a r e  made a t  each observa t ion  time on each 
g i l l .  The platform p o s i t i o n s  a r e  i n i t i a l l y  ad jus ted  s o  t h a t  comparable a reas  
on two g i l l s  a r e  examined a t  t h e  same time, one g i l l  appearing i n  t h e  l e f t  
microscope and one i n  t h e  r i g h t .  The scanning s t a g e  is  con t ro l l ed  by a 
servo-mechanism capable of moving i n  an X and Y d i r e c t i o n .  Each po in t  has 
. 
i t s  own X and Y coordinates  and i s  independently i s o l a t e d  from t h e  coordi- 
n a t e s  of t h e  o t h e r  eleven poin ts .  Once t h e  twelve p o s i t i o n s  a r e  locked i n t o  
t h e  s tage-cont ro l l ing  mechanism a t  t h e  beginning of t h e  experiment,  t h e  ob- 
s e r v e r  can r e t u r n  t o  any of t h e  twelve p o s i t i o n s  simply by pushing a but ton .  
The s t a g e  can be automat ica l ly  returned t o  wi th in  t e n  um of t h e  o r i g i n a l  poin t .  
A c a l i b r a t e d  s t roboscopic  l i g h t  s e rves  a s  a substage l i g h t  source  f o r  
both microscopes. The l i g h t  is  divided and t ransmi t ted  t o  t h e  microscopes 
by means of a s i lver -coated  Y-shaped Pyrex g l a s s  rod. 
The r a t e  of c i l i a r y  bea t ing  of l a t e r a l  c i l i a  ( i n  b e a t s  per  second) is  
measured by manually synchronizing t h e  r a t e  of f l a s h i n g  of t h e  l i g h t  wi th  
t h e  r a t e  of bea t ing  of t h e  l a t e r a l  c i l i a ,  which bea t  i n  a metachronal pa t t e rn .  
Synchronization i s  achieved when t h e  metachronal wave appears  t o  s tand  s t i l l .  
The bea t ing  r a t e  i s  shown on a d i g i t a l  d i sp lay .  
G i l l s  from a clam were i s o l a t e d  under a 30-power d i s s e c t i n g  microscope 
and pinned t o  a rubber mat i n  a p e t r i  d i sh .  In  each experiment,  14 t o  16 
g i l l  p repa ra t ions  were t e s t e d .  Figure 5 i s  a diagram of genera l ized  clam 
anatomy ( t h e  d e t a i l e d  anatomy of t h e  f i n g e r n a i l  clam d i f f e r s  somewhat from 
/// LFC 
Figure 5. Generalized clam anatomy, showing t h e  v i s c e r a l  ganglion (VG) and 
t h e  g i l l  (Gi),  which a r e  used i n  the  c i l i a  monitoring apparatus. 
(The d e t a i l e d  anatomy of t h e  f i n g e r n a i l  clam d i f f e r s  from t h a t  i n  
t h e  diagram.) The enlarged diagram of sec t ion  A-B across  a s i n g l e  
g i l l  f i lament (GF) shows t h e  l a t e r a l  c i l i a  (LC). It is  the  beat ing 
r a t e  of t h e  l a t e r a l  c i l i a  which is  monitored i n  the  apparatus. The 
a n t e r i o r  adductor muscle (AAdM) and pos te r io r  adductor muscle 
(PAdM) c lose  t h e  s h e l l s .  The pai red  palps (P) a r e  oxygen sensors.  
The c e n t r a l  nervous system c o n s i s t s  of t h e  pedal ganglion (PG), 
ce rebra l  ganglion (CG), and v i s c e r a l  ganglion (VG). These ganglia  
a r e  interconnected by the  cerebral-pedal connective (CPC) and the  
cerebra l -v iscera l  connective (CVC). I n  c ross  sec t ion  each g i l l  
appears i n  t h e  form of a narrow "W". The inner  and outer  surfaces  
a r e  made up of g i l l  f i laments  (GF): Within t h e  a f f e r e n t  branchia l  
blood v e s s e l  (ABV), t h e  branchia l  nerve (BN), which a r i s e s  from 
t h e  v i s c e r a l  ganglion, d i s t r i b u t e s  i t s  axons wi th in  the  g i l l  
f i lament.  The l a t e r a l  c i l i a  (LC) produce water cu r ren t s ,  while 
t h e  l a t e ro - f ron ta l  c i l i a  (LFC) remove p a r t i c l e s  from t h e  water.  
t h a t  i n  the  diagram) showing the  v i s c e r a l  ganglion and t h e  g i l l .  Sect ion 
A-B across a  s ing le  g i l l  f i lament shows t h e  locat ion  of l a t e r a l  c i l i a  (LC), 
l a t e ro - f ron ta l  c i l i a  (LFC), and f r o n t a l  c i l i a  (FC). The ac t ion  of the  C i l i a  
i s  p a r t i a l l y  cont ro l led  by the  branctilal nerve (BN) and v i s c e r a l  ganglion 
(VG). Figure 6 is  a  scanning e lec t ron  micrograph of g i l l  f i laments  from 
t h e  b lue  mussel, Mytilus edu l i s ,  showing t h e  g i l l  f i laments  (GF), l a t e r a l  c i l i a  
(LC), l a t e ro - f ron ta l  c i l i a  (LFC) , and f r o n t a l  c i l i a  (FC) , which a r e  s i m i l a r  
t o  those i n  t h e  f i n g e r n a i l  clam. Responses of t h e  l a t e r a l  c i l i a  t o  water 
qua l i ty  f a c t o r s  were measured i n  t h i s  study. 
Figure 6. Scanning e lec t ron  micrograph of g i l l  f i laments  from t h e  b lue  mussel, 
Mytilus e d u l i s ,  showing the  g i l l  f i laments (GF), l a t e r a l  c i l i a  (LC), 
l a t e ro - f ron ta l  c i l i a  (LFC), and f r o n t a l  c i l i a  (FC), which a r e  
s i m i l a r  t o  those i n  t h e  f i n g e r n a i l  clam. 
Acute Bioassay Methods 
Clams used in the acute static bioassays were maintained in river water 
until they were acclimated to the test water. The clams were acclimated to 
the test waters as suggested by the Committee on Methods for Toxicity Tests 
with Aquatic Organisms (1975). 
Both adult clams (clams longer than 5 mm) and juvenile clams (5 mrn and 
shorter) were used in bioassays. The bioassays will be identified consistently 
throughout the text by a J for tests conducted with juveniles and A for tests 
conducted with adults. A1 is the first test conducted with adults, A2 the 
second test, etc. 
Most of the clams were exposed to a controlled light-dark cycle during 
acclimation and testing. During tests A2, A4, 52, and 53 the cycle was 14 
hours of light and 10 hours of dark (Table 1). For the low-temperature test 
54, the cycle was 10 hours of light and 14 hours of dark (Table 1) which 
approximates a natural winter cycle. The light sources were 40-watt cool- 
white fluorescent bulbs. Clams in acute tests A1 and J1 were not exposed to , 
a controlled light-dark cycle, but to diffuse room light. 
The dilution waters used in these experiments were from two different 
sources: unchlorinated well water from the Department of Conservation in 
Havana, Illinois, and reconstituted water (Marking, 1969). The chemical 
characteristics of the dilution waters were determined from samples collected 
at the beginning of each bioassay (Table 1). A logarithmic series of test 
solutions was prepared by diluting aliquots of known stock solution to 3 liters. 
Heavy metal concentrations in the dilution water and test solutions were 
measured by either atomic absorption or flame photometry. Hardness, anunonia, 
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n i t r i t e ,  n i t r a t e ,  and phosphate w e r e  measured by s tandard  methods (American 
Pub l i c  Heal th  Assoc ia t ion ,  1976). To measure potassium, water  samples were 
c o l l e c t e d  3 t i m e s  dur ing  each b ioassay  and analyzed by flame photometry, 
except  i n  a c u t e  tests A1 and J 1 ,  where composite samples were used. I n  t h e  
ammonia tests, samples were c o l l e c t e d  f o r  ammonia a n a l y s i s  from each test 
chamber 3 t i m e s  weekly. T o t a l  ammonia concen t r a t i ons  were measured us ing  a 
s p e c i f i c  i on  e l e c t r o d e  and converted t o  undissoc ia ted  ammonia us ing  test pH 
and temperature  and t a b l e s  presented by Thurston e t  a l .  (1974). 
Test  chambers f o r  t he  a c u t e  s t a t i c  b ioassays  cons i s t ed  of 3 .78 - l i t e r  
g l a s s  j a r s ,  which were immersed i n  a temperature-control led water  ba th .  Ten 
or  20 clams were contained i n  a p e t r i  d i s h  (100 mm i n  diameter)  covered wi th  
a p l a s t i c  snap-on l i d .  A 50-mm diameter  h o l e  was cu t  i n  t h e  c e n t e r  of t h e  l i d  
a l lowing c i r c u l a t i o n  of water  t o  t h e  clams whi le  prevent ing  t h e  clams from 
crawl ing  ou t .  One p e t r i  d i s h  was placed i n  each test chamber. The p e t r i  d i shes  
could be removed and examined wi th  a d i s s e c t i n g  microscope wi thout  g r e a t l y  
d i s t u r b i n g  t h e  clams. Clams were no t  f e d  dur ing  t h e  t e s t .  Only clams t h a t  
were a c t i v e l y  s iphoning o r  moving were s e l e c t e d  f o r  t h e  tests. 
C r i t e r i o n  f o r  dea th  was determined dur ing  t h e  f i r s t  a d u l t  and j u v e n i l e  
s t a t i c  b ioassays ,  tests A1 and J 1 ,  r e s p e c t i v e l y .  Clams which gaped, o r  which 
d id  n o t  withdraw t h e i r  f e e t  when prodded, w e r e  removed from t h e  test concen- 
t r a t i o n s  and placed i n  c l e a n  water .  They w e r e  checked 24 hours  l a t e r  f o r  
s i g n s  of recovery.  Clams t h a t  recovered w e r e  no t  used i n  determining t h e  
concen t r a t i ons  l e t h a l  t o  50 pe rcen t  of t h e  exposed clams (LC50). 
Observat ion t i m e s  v a r i e d  s l i g h t l y  from one test t o  another ,  b u t  i n  gene ra l  
t h e  clams were checked f o r  m o r t a l i t i e s  once every 24 hours  f o r  t h e  f i r s t  96 
hours ,  once every  48 hours  from hours 96 t o  240, once every  72 hours  between 
hours  240 and 456, and every 96 hours  f o r  t h e  remainder of t h e  t e s t .  Tem- 
p e r a t u r e  and d isso lved  oxygen were measured a t  each m o r t a l i t y  check and pH 
and t o t a l  a l k a l i n i t y  were determined every o t h e r  m o r t a l i t y  check by 
s tandard  methods (American Publ ic  Heal th Assoc ia t ion ,  1976). 
For t h e  acu te  b ioassays  t h e  LC501s and t h e i r  confidence l i m i t s  were 
determined and s t a t i s t i c a l l y  analyzed by t h e  method of L i t c h f i e l d  and Wilcoxon 
(1949). To a d j u s t  f o r  m o r t a l i t y  i n  t h e  c o n t r o l ,  Abbo t t l s  formula, given 
below, was used a s  suggested by t h e  American Pub l i c  Health Assoc ia t ion  (1976). 
Abbo t t l s  Formula: P  = e, where: 
P  = co r rec t ed  m o r t a l i t y  
p1  = observed m o r t a l i t y  
c  = c o n t r o l  m o r t a l i t y  
For example, w i th  a  c o n t r o l  m o r t a l i t y  of 20 percent  and an observed test 
m o r t a l i t y  of 60 pe rcen t ,  t h e  cor rec ted  m o r t a l i t y  would be 50 percent .  Ob- 
served m o r t a l i t i e s  were ad jus t ed  i n  t h i s  f a sh ion  p r i o r  t o  applying t h e  Litch- 
f i e l d  and Wilcoxon (1949) method. A test m o r t a l i t y  l e s s  than t h e  c o n t r o l  
m o r t a l i t y  was considered t o  be zero. 
Acute t o x i c i t y  curves were p l o t t e d  according t o  Sprague (1973). LC501s 
were p l o t t e d  wi th  t ime t o  50 percent  m o r t a l i t y  on t h e  v e r t i c a l  a x i s  and con- 
c e n t r a t i o n  on t h e  h o r i z o n t a l  ax i s .  The r e s u l t i n g  curve i s  t h e  a c u t e  t o x i c i t y  
curve.  The p o i n t  on t h e  concent ra t ion  a x i s  where t h e  curve becomes asymptot ic  
t o  t h e  t ime a x i s  de f ines  t h e  l e t h a l  t h re sho ld  o r  t h e  po in t  where no more or- 
ganisms a r e  dying and t h e  remaining organisms could presumably l i v e  i n d e f i n i t e l y .  
A t h re sho ld  was n o t  considered v a l i d  u n l e s s  t h e  asymptotic po r t ion  of t h e  curve 
was maintained f o r  a  per iod  of t ime equiva len t  t o  a t  l e a s t  20 percent  of t h e  
time t h a t  w a s  r e q u i r e d  t o  r e ach  t h e  asymptote ,  a s  sugges ted  by Ruesink and 
Smith (1975).  Tf t h e  asymptote w a s  approached b u t  n o t  complete ly  a t t a i n e d ,  
o r  i f  i t  w a s  reached b u t  d i d  n o t  meet t h e  t i m e  c r i t e r i o n  i n d i c a t e d  above, i t  
w a s  cons idered  a probab le  l e t h a l  t h r e s h o l d .  
T o x i c i t y  curves  were compared t o  de te rmine  r e l a t i v e  t o x i c i t y  of d i f f e r e n t  
f a c t o r s  and t o  de te rmine  how f a s t  t h e  f a c t o r s  induced e f f e c t s .  
Chronic Bioassay Methods 
Clams used i n  t h e  ch ron i c  b ioa s says  began a c c l i m a t i o n  t o  unch lo r i na t ed  
w e l l  wa te r  immediately upon a r r i v a l  a t  a l a b o r a t o r y  provided by t h e  I l l i n o i s  
Department of Conservat ion a t  Havana. Accl imat ion procedures  fol lowed recom- 
mendations by t h e  Committee on Methods f o r  T o x i c i t y  T e s t s  w i t h  Aquat ic  Organisms 
(1975). The clams w e r e  exposed t o  n a t u r a l  d a y l i g h t  coming through n o r t h  and 
w e s t  windows on t h e  s i d e s  of t h e  bu i l d ing .  
The test  chambers were 3 7 . 8 - l i t e r  g l a s s  a q u a r i a  w i t h  o u t l e t s  a r ranged  s o  
t h a t  t h e  a q u a r i a  con ta ined  23 l i ters  of wate r  (F igu re  7 ) .  A modif ied p r o p o r t i o n a l  
d i l u t e r  (Mount and Brungs, 1967) w a s  used t o  d e l i v e r  a l o g a r i t h m i c  series of 
test s o l u t i o n s  t o  f i v e  a q u a r i a  and unch lo r i na t ed  w e l l  wa t e r  a l o n e  t o  t h e  
c o n t r o l  a q u a r i a  (F igu re  7 ) .  The e f f e c t s  of  ammonia and potass ium on f i n g e r n a i l  
clams were t e s t e d  w i t h  t h i s  appara tus .  
The e f f e c t s  of raw I l l i n o i s  River  wa t e r  and sediment  were t e s t e d  by 
ma in t a in ing  f i n g e r n a i l  clams i n  cages i n  t h e  I l l i n o i s  R ive r ,  and by exposing 
f i n g e r n a i l  clams t o  bo th  raw r i v e r  wa t e r  and r i v e r  wa t e r  d i l u t e d  w i t h  w e l l  
wa t e r  i n  a  l a b o r a t o r y  l o c a t e d  nex t  t o  t h e  I l l i n o i s  River  a t  Havana and provided 
by t h e  I l l i n o i s  Department of Conservat ion,  F i s h e r i e s  D iv i s i on .  River  wa t e r  
con t a in ing  suspended sediment w a s  pumped i n t o  a r e s e r v o i r  i n  t h e  l a b o r a t o r y ,  
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where a  c i r c u l a t i n g  pump kept  t h e  sediment i n  suspension and provided 
sediment-laden water  t o  t h e  d i l u t e r .  
During pre l iminary  t e s t i n g  of ammonia, we found t h a t  i n c r e a s i n g  con- 
c e n t r a t i o n s  of NH C 1  reduced t h e  pH of t h e  t e s t  s o l u t i o n s ,  thus  n e c e s s i t a t i n g  4 
t h e  a d d i t i o n  of NaOH i n  propor t ion  t o  t h e  concent ra t ion  of NH C 1 .  This  was 4 
accomplished by adding a  second meter ing system on t h e  d i l u t e r  which once 
each c y c l e  de l ive red  a  measured volume of a  concentrated NaOH s o l u t i o n  t o  t h e  
toxicant-mixing chamber. The NaOH meter ing system was c a l i b r a t e d  t o  d e l i v e r  
4 m l  of a  NaOH s o l u t i o n  which va r i ed  i n  concent ra t ion  between 0.025 M and 
0.125 M depending on t h e  pH of t h e  t e s t  chambers. I n  a d d i t i o n  we found t h a t  
c lean ing  t h e  e n t i r e  t e s t i n g  system once a  week a ided  i n  pH c o n t r o l .  
A feed ing  system was a l s o  incorpora ted  i n t o  t h e  p r o p o r t i o n a l  d i l u t e r  
s o  a s  t o  d e l i v e r  a  measured amount of food once pe r  d i l u t e r  cyc le .  The food 
suspension was prepared a s  suggested by Bies inger  and Chr i s tensen  (1972). 
Pre l iminary  t e s t i n g  showed t h e  optimum feeding  r a t e  t o  be  0.80 m l  of t h e  
food suspension pe r  l i t e r  of test water .  
I n  t h e  chronic  t e s t  20 clams were used p e r  p e t r i  d i s h  wi th  two p e t r i  
d i s h e s  i n  each chamber. Su rv iva l  and growth of t h e  clams was checked once 
every two weeks. Growth was determined by measuring t h e  maximum l eng th  of 
t h e  s h e l l  t o  t h e  n e a r e s t  0.1 mm wi th  an ocu la r  micrometer. Temperature and 
d i s so lved  oxygen were measured 5 t i m e s  a  week, pH t h r e e  t i m e s  a  week, and t o t a l  
a l k a l i n i t y  once a  week except  i n  two tests where pH was checked f i v e  t i m e s  a  
week. F ree  carbon d iox ide  concen t r a t i ons  were c a l c u l a t e d  from t h e  pH and 
a l k a l i n i t y  d a t a  u s ing  t h e  i n d i r e c t  method of Rainwater and Thatcher  (1960). 
Data from t h e  chronic  b ioassays  were used t o  determine maximum accep tab l e  
t o x i c a n t  concen t r a t i ons  (MATC) a s  suggested by t h e  American P u b l i c  Heal th  
Assoc ia t ion  (1976). MATC's were computed us ing  both  m o r t a l i t y  and growth as  
responses .  Rep l i ca t e  m o r t a l i t i e s  i n  each test  chamber were sub jec t ed  t o  
a n a l y s i s  of va r i ance ,  ANOVA ( S t e e l  and T o r r i e ,  1960). When t rea tment  e f f e c t s  
were i n d i c a t e d  by ANOVA, t h e  means of t h e s e  e f f e c t s  w e r e  sub j ec t ed  t o  t h e  
Newman-Keul's mult iple-range test ( S t e e l  and T o r r i e ,  1960). Pooled clam l eng ths  
from each test chamber were a l s o  sub jec t ed  t o  a n a l y s i s  of va r i ance  and t h e  
Newman-Keul's mult iple-range test.  Data c o l l e c t e d  from test chambers showing 
m o r t a l i t i e s  s i g n i f i c a n t l y  h ighe r  than  t h e  c o n t r o l s  were no t  used i n  t h e  
a n a l y s i s  of clam lengths .  A l l  d i f f e r e n c e s  were considered s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  a p r o b a b i l i t y  of p = 0.05. 
Elemental Analysis  of S h e l l s  
D r .  J u d i t h  Murphy, D i rec to r  of t h e  Center f o r  Elec t ron  Microscopy a t  
Southern I l l i n o i s  Univers i ty  -- Carbondale, determined t h e  e lementa l  composi- 
t i o n  of s h e l l s  from f i n g e r n a i l  clams which had been ch ron ica l ly  exposed t o  
raw I l l i n o i s  River water  o r  t o  ammonia. She used X-ray microprobe techniques 
t o  determine r e l a t i v e  amounts of s p e c i f i c  elements i n  s p e c i f i c  reg ions  of 
t h e  s h e l l s ,  s t a r t i n g  from t h e  hinge a r e a  and proceeding outwards t o  t h e  
s h e l l  margin. Since t h e  clam grows by adding t o  t h e  s h e l l  a t  t h e  margin, 
chronologica l  changes i n  t h e  composition of t h e  s h e l l  were determined. 
RESULTS AND DISCUSSION 
Water Q u a l i t y  i n  t h e  I l l i n o i s  River  i n  t h e  1950 's  
When t h e  f i n g e r n a i l  clams d i e d  o u t  i n  p o r t i o n s  of t h e  I l l i n o i s  River  i n  
t h e  mid-19501s, r e l a t i v e l y  few a n a l y s e s  of t o x i c  s u b s t a n c e s  i n  I l l i n o i s  River  
w a t e r  were b e i n g  made and t h e  a n a l y t i c a l  methods were n o t  s e n s i t i v e  enough 
t o  d e t e c t  c o n c e n t r a t i o n s  of p a r t s  p e r  m i l l i o n  o r  p a r t s  p e r  b i l l i o n  which can 
a f f e c t  a q u a t i c  organisms. Some w a t e r  q u a l i t y  f a c t o r s  which are g e n e r a l l y  
c o n s i d e r e d  non- toxic  were measured by t h e  I l l i n o i s  S t a t e  Water Survey a t  
P e o r i a  d u r i n g  t h e  1950 's .  These d a t a  show t h a t  sodium and c h l o r i d e  concen- 
t r a t i o n s  i n  t h e  I l l i n o i s  River  have i n c r e a s e d  s i n c e  1950, p a r t l y  due t o  t h e  
i n c r e a s i n g  u s e  of s a l t  t o  m e l t  i c e  on s t r e e t s  and highways. 
D r .  Ronald Flemal ,  A s s o c i a t e  P r o f e s s o r  of Geology, Northern I l l i n o i s  
U n i v e r s i t y ,  s p e c u l a t e d  i n  a l e t t e r  d a t e d  5  May, 1976 t h a t  t h e  po tass ium 
c o n c e n t r a t i o n s  i n  t h e  I l l i n o i s  River  may have i n c r e a s e d  d u r i n g  t h e  same 
p e r i o d  a l s o :  
The Water Survey . . . Das] two s t a t i o n s  on t h e  main s tem ( P e o r i a  
and Meredosia) ,  and po tass ium a n a l y s e s  o n l y  a t  P e o r i a  f o r  t h e  p e r i o d  
1966-71. . . . 
I n  t h e  absence of a c t u a l  po tass ium d a t a ,  I a m  n o t  s u r e  i f  we can s a y  
much p o s i t i v e  abou t  p a s t  t r e n d s  i n  po tass ium c o n c e n t r a t i o n s ;  t h e  b e s t  
we can  do i s  s p e c u l a t e .  . . . 
The c h l o r i d e  d a t a  d i s p l a y  a n  obv ious  upward t r e n d ,  w i t h  a p a r t i c u l a r l y  
s i g n i f i c a n t  upward s t e p  i n  1962-63. C h l o r i d e  e n t e r s  t h e  environment 
i n  many ways . . . . One of t h e  more impor tan t  of t h e s e  i s  a s  potass ium 
c h l o r i d e  f e r t i l i z e r ,  and t h e  62-63 p e r i o d  i s  about  when po tass ium c h l o r i d e  
f e r t i l i z e r  became w i d e l y  used.  One might expec t  t h e r e f o r e  t h a t  po tass ium 
c o n c e n t r a t i o n s  ( a t  least d u r i n g  t h e  f e r t i l i z i n g  season)  t u r n e d  upward 
i n  m i r r o r  t o  t h e  c h l o r i d e  c o n c e n t r a t i o n s .  
A somewhat similar c a s e  can b e  made from t h e  "sodium" d a t a .  I g i v e  
t h e  d a t a  i n  q u o t a t i o n  marks because  p r e v i o u s  t o  1966 t h e  Water Survey 
determined sodium by c a l c u l a t i o n .  T h i s  means t h a t  t h e  r e p o r t e d  v a l u e s  
of sodium a r e  a c t u a l l y  sod'ium and po tass ium p l u s  a s s o r t e d  l e s s e r  c a t i o n s .  
Two o b s e r v a t i o n s  t h e n  make t h e  c a s e :  (1) t h e  sodium d a t a  c l o s e l y  
correspond t o  t h e  ch lo r ide  d a t a ,  and (2) t h e  d i f f e r e n t i a l  between 
t h e  c h l o r i d e  and sodium l i n e s  decreases  i n  1966 when t h e  potassium 
i s  a c t u a l l y  s p l i t  ou t  from t h e  "sodium." These two imply t h a t  t h e  
potassium i s  a s i g n i f i c a n t  p a r t  of t h e  "sodium" previous t o  1966 and 
t h a t  a s  t h e  "sodium" curve r i s e s ,  s o  a l s o  ought a  potassium curve 
have r i s e n  i f  i t  could have been ca l cu la t ed .  
These a r e  admit tedly no t  t h e  s t r o n g e s t  of arguments f o r  an 
h i s t o r i c a l  change i n  potassium concent ra t ions ,  bu t  they a r e  t h e  
b e s t  I can make a t  t h e  moment and without  f u r t h e r  i n v e s t i g a t i o n .  
Potassium i s  nontoxic  t o  f i s h ,  bu t  Imlay (1973: 97) demonstrated t h a t  
potassium concent ra t ions  of 11 mg/l k i l l e d  s e v e r a l  spec i e s  of mussels 
i n  1-2 months. 
M i l l s  e t  a l .  (1966: 9) provide a  t a b l e ,  compiled from va r ious  sources ,  
of minimum disso lved  oxygen l e v e l s  near  t h e  s u r f a c e  i n  t h e  channel of t h e  
I l l i n o i s  River from 1911 through 1965. I n  1950, t h e  average d isso lved  
oxygen concent ra t ion  was 4.0 (range 2.9-5.3). There i s  a gap i n  t h e  d a t a  
u n t i l  1964, when t h e  average oxygen concen t r a t ion  i n  t h e  same reach was 2.7 
mg/l (range 2.0-5.3). Conditions were even worse i n  1965, when t h e  average 
was 2.3 mg/l and t h e  range 1.0-5.6. The minimum disso lved  oxygen l e v e l s  
i n  t h e  I l l i n o i s  River  ev iden t ly  dec l ined  a f t e r  1950. 
To summarize: (1) There a r e  few h i s t o r i c a l  d a t a  a v a i l a b l e  on concen- 
t r a t i o n s  of t o x i c  substances i n  t h e  I l l i n o i s  River i n  t h e  195OVs, (2) a v a i l a b l e  
d a t a  show t h a t  concent ra t ions  of sodium, ch lo r ide ,  and poss ib ly  pot,assium 
increased  i n  t h e  r i v e r  i n  t h e  195OVs, and (3) d i sso lved  oxygen l e v e l s  i n  t h e  
r i v e r  may have decreased i n  t h e  1950's. 
Comparison of Water Qual i ty  i n  t h e  Miss i s s ipp i  and I l l i n o i s  Rivers  i n  1975 
Since  f i n g e r n a i l  clams have never recolonized t h e  I l l i n o i s  River  s i n c e  
t h e  die-off i n  t h e  195OVs, comparison of p r e s e n t  water  q u a l i t y  i n  t he  I l l i n o i s  
River  wi th  water  q u a l i t y  i n  t h e  Miss i s s ipp i ,  where t h e  clams a r e  s t i l l  abun- 
dan t ,  might i n d i c a t e  which water  q u a l i t y  f a c t o r s  a r e  a f f e c t i n g  t h e  clam. The 
I l l i n o i s  Environmental P ro t ec t ion  Agency (IEPA) c u r r e n t l y  analyzes water  
samples from t h e  major r i v e r s  of t h e  s t a t e  f o r  twenty-eight water  q u a l i t y  
f a c t o r s .  
Tables  2, 3, and 4 show mean, median, and maximum va lues  of s i x t e e n  water  
q u a l i t y  f a c t o r s  which occurred a t  h igher  l e v e l s  i n  1975 a t  four  sampling 
s t a t i o n s  on t h e  I l l i n o i s  River than a t  a  sampling s t a t i o n  on t h e  Keokuk 
Pool,  Mis s i s s ipp i  River.  The four  s t a t i o n s  a r e  i n  a  reach of t h e  I l l i n o i s  
River where f i n g e r n a i l  clams d ied  out  i n  t h e  1950's. One o t h e r  f a c t o r ,  
d i sso lved  oxygen, was gene ra l ly  lower i n  t h e  I l l i n o i s  River than  i n  t h e  
Miss i s s ipp i  River.  
The fol lowing four  f a c t o r s  r e g u l a r l y  occurred a t  s u b s t a n t i a l l y  h igher  
concent ra t ions  i n  t h e  I l l i n o i s  River than  i n  t h e  Miss i s s ipp i  River and a r e  
known t o  be t o x i c  t o  f i s h :  ammonia, l ead ,  f l u o r i d e ,  and methylene b l u e  
a c t i v e  substances.  N i t r i t e  i s  l e s s  t o x i c  t o  f i s h  than  ammonia, b u t  more 
t o x i c  than  n i t r a t e .  Unfortunately,  n i t r i t e  and n i t r a t e  a r e  repor ted  a s  a  
combined va lue  by t h e  I l l i n o i s  Environmental P ro t ec t ion  Agency. Counts of 
f e c a l  co l i form b a c t e r i a  were much higher  i n  t h e  I l l i n o i s  than  i n  t h e  Missis- 
s i p p i ,  bu t  clams feed  on b a c t e r i a ,  so  i t  i s  not  l i k e l y  t h a t  increased  bac- 
t e r i a l  popula t ions  adverse ly  a f f e c t e d  f i n g e r n a i l  clams. The maximum water  
temperature i n  midsummer of 1975 i n  t h e  Keokuk Pool,  M i s s i s s i p p i  River ,  d i f -  
f  e r ed  from t h e  maximum i n  t h e  I l l i n o i s  River  by only lo F (Table 4) . Although 
t h e  median and mean water  temperatures  were higher  i n  t h e  I l l i n o i s  than  i n  
t h e  Miss i s s ipp i  (Tables 2 and 3 ) ,  t h e  range of t h e  f i n g e r n a i l  clam Musculium 
transversum extends i n t o  southern  p a r t s  of t h e  United S t a t e s ,  where t h e  mean 
water  temperature equals  t h a t  i n  t h e  I l l i n o i s  River. T o t a l  d i sso lved  s o l i d s ,  
ch lo r ide ,  phosphorus, and s u l f a t e  were h igher  i n  t h e  I l l i n o i s  River than  i n  
t h e  Miss i s s ipp i ,  bu t  t hese  f a c t o r s  a r e  no t  considered t o x i c  t o  f i s h .  
a  Tab le  2 .  Mean Values  of Water Q u a l i t y  F a c t o r s  Which Occurred a t  Higher L,evelsb i n  t h e  Middle S e c t i o n  
of t h e  I l l i n o i s  R i v e r ,  Where F i n g e r n a i l  Clams Died Out, Than i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  R iver ,  
Where F i n g e r n a i l  Clams Were S t i l l  Abundant Through 1975. 
Water Qual i ty  Factors Locat ion  
Miss iss ippi  RiverC I l l i n o i s  E v e r d  
R t .  9 Bridge R t .  150 Bridge Lock and Dam R t .  9 Bridge R t .  97 Bridge 
F t .  Madison, I A  Peor ia ,  IL Creve Coeur, IL Pekin, IL Havana, IL 
Mile 383.9 Mile 165.8 Mile 157.7 Mile 152.9 Mile 119.5 
0 Water Temperature, F 
Dissolved Oxygen, mg/l 
To ta l  Phosphorus, mg/l 
Fecal  Coliform, I//. 1 1 
m3-N, mg/l 
NO N + NO2-N, mg/l 3- 
Tota l  Arsenic, mg/l 
To ta l  Lead, mg/l 
Tota l  Dissolved Sol ids ,  mg/l 
F luor ide ,  mg/l 
Chloride, mg/l 
S u l f a t e ,  mg/l 
To ta l  Boron, mg/l 
Methylene Blue Active Substances, 
mg/l 0.20 
a ~ a t a  were obtained from t h e  I l l i n o i s  Environmental Protec t ion  Agency, 1975 Summary of Data, Water Qual i ty  
Network, Volumes 2 and 4. Blanks i n d i c a t e  t h a t  t h e  mean value i n  the  I l l i n o i s  River was l e s s  than o r  equal  
t o  t h e  value i n  t h e  Keokuk P o d .  
b ~ x c e p t  f o r  dissolved oxygen, where l e v e l s  were lower i n  t h e  I l l i n o i s  River. 
 his s t a t i o n  i s  i n  t h e  middle s e c t i o n  of Keokuk Pool. Mile r e f e r s  t o  miles above the  confluence of t h e  
Ohio and Miss iss ippi  Rivers near  Cairo, I l l i n o i s .  
d ~ i l e : . r e f e r s  t o  mi les  above the  confluence of t h e  I l l i n o i s  and Miss iss ippi  Rivers near  Grafton,  I l l i n o i s .  
a Tab le  3 .  Median Values  of Water Q u a l i t y  F a c t o r s  Which Occurred a t  Higher  ~ e v e l s ~  i n  t h e  Middle S e c t i o n  
of t h e  I l l i n o i s  R i v e r ,  Where F i n g e r n a i l  Clams Died Out, Than i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  R i v e r ,  
Where F i n g e r n a i l  Clams Were S t i l l  Abundant Through 1975. 
Water Qual i ty  Factors  Location Miss i ss ipp i  ~ i v e r '  I l l i n o i s  ~ i v e r ~  
K t .  9 Bridge R t .  150 Bridge Lock and Dam R t .  9 Bridge R t .  97 Bridge 
F t .  Madison, I A  Peor ia ,  IL Creve Coeur, IL Pekin, IL Havana, IL 
Mile 383.9 Mile 165.8 Mile 157.7 Mile 152.9 Mile 119.5 
0 Water Temperature, F 
Dissolved Oxygen, mg/l 
Tota l  Phosphorus, mg/l 
Fecal  Coliform, / I / .  1 1 
W3-N, mg/l 
NO3-N + NO2-N, mg/l 
T o t a l  Copper, mg/l 
Tota l  Lead, mg/l 
Tota l  Dissolved Sol ids ,  mg/l 
Fluoride,  mg/l 
Chloride, mg/l 
Su l f a t e ,  mg/l 
Tota l  Boron, mg/l 
Tota l  I ron ,  mg/l 
Methylene Blue Active Substances, 
mg/l 0.20 
aData were obtained from t h e  I l l i n o i s  Environmental P ro t ec t i on  Agency, 1975 Summary of Data, Water Qual i ty  
Network, Volumes 2 and 4. Blanks i n d i c a t e  t h a t  t h e  median value i n  t h e  I l l i n o i s  River was l e s s  than o r  equal  
t o  t he  vz lue  i n  t h e  Keokuk Pool. 
Except f o r  dissolved oxygen, where l e v e l s  were lower i n  t he  I l l i n o i s  River.  
This  s t a t i o n  i s  i n  t h e  middle s ec t i on  of Keokuk Pool. Mile r e f e r s  t o  miles  above t h e  confluence of t he  
Ohio and Miss i ss ipp i  Rivers  near  Cairo, I l l i n o i s .  
d ~ i l e  r e f e r s  t o  miles  above t h e  conf h e n c e  of t he  I l l i n o i s  and Miss i ss ipp i  Rivers near  Grafton, I l l i n o i s .  
Table 
of 
a 4 .  Maximum Values of Water Quality Factors Which Occurred at Higher ~ e v e l s ~  in the Middle Section 
the Illinois River, Where Fingernail Clams Died Out, Than in the Keokuk Pool, Mississippi River, 
Where Fingernail Clams Were Still Abundant Through 1975. 
Water Quality Factors  Locat ion 
M s s i s s i p p i  ~ i v e r  I l l i n o f s  Riverd 
R t .  9 Bridge R t .  150 Bridge Lock and Dam .Rt. 9 Bridge R t .  97 Bridge 
Ft.  Madison, I A  Peoria ,  IL Creve Coeur, IL Pekin, IL Havana, IL 
Mile 383.9 M i l e  165.8 Mile 157.7 Mile152.9 Mile119.5 
Water Temperature, OF 81 
Dissolved Qxygen, mg/l ( m i n i m )  7.0 
Tota l  Phosphorus, mg/l 0.84 
Fecal  Co l i fom,  /I/. 1 1 1300 
m3-#, mg/l 1.3 
NO3-# + NOZ-#, mg/l 2.2 
Total  Arsenic, mg/l 0.001 
Tota l  Lead, mg/l 0.0 
Total  Dissolved Solids,  mg/l 260 
Fluoride, mg/l 0.2 
Chloride, mgll 12 
Sul fa te ,  mg/l 3 4 
Tota l  Boron, mg/l 0.3 
Total  Mercury, mcg/l 0.1 
Methylene Blue Active Substances, 
mg 11 0.2 
a Data were obtained from t h e  I l l i n o i s  Environmental Pro tec t ion  Agency, 1975 Sunnnary of Data, Water Quality 
Network, Volumes 2 and 4. Blanks ind ica t e  t h a t  t h e  maximum value i n  the  I l l i n o i s  River was l e s s  than o r  equal 
t o  t he  value i n  t he  Keokuk Pool. 
b ~ x c e p t  f o r  dissolved oxygen, where l e v e l s  were lower i n  the  I l l i n o i s  River. 
'This s t a t i o n  is i n  the  middle sec t ion  of Keokuk Pool. Mile re fer6  t o  miles above the  confluence of the 
Ohio and Miss iss ippi  Rivers near  Cairo, I l l i n o i s .  
dMile r e f e r s  t o  miles above t h e  confluence of t he  I l l i n o i s  and Miss iss ippi  Rivers near  Grafton, I l l i n o i s .  
It is  d i f f i c u l t ,  i f  no t  impossible ,  t o  r e l a t e  t h e  die-off  of f i n g e r n a i l  
clams i n  t h e  I l l i n o i s  River  t o  water  q u a l i t y  f a c t o r s ,  because t h e  water  
q u a l i t y  requirements of f i n g e r n a i l  clams a r e  not  known. The next  two sub- 
s e c t i o n s  r e p o r t  t h e  r e s u l t s  of our e f f o r t s :  (1) t o  develop r ap id  methods 
f o r  a s se s s ing  t h e  e f f e c t s  of water  q u a l i t y  on f i n g e r n a i l  clams and (2) t o  
develop s tandard  acu te  and chronic  b ioassay  procedures,  inc luding  a  r e l i a b l e  
i n d i c a t o r  of dea th ,  using clams a s  t e s t  organisms. 
R e l i a b i l i t y  of t h e  Rapid Screening Methods 
A t  21' C w i th  an oxygen concent ra t ion  of 6.5 mg/l and a  pH of 7.6, t h e  
bea t ing  of t h e  l a t e r a l  c i l i a  on t h e  exc ised  g i l l  p r epa ra t ion  was r ap id ,  we l l  
coordinated,  and f a i r l y  cons tan t  a f t e r  two hours  of e q u i l i b r a t i o n .  The g i l l  
p r epa ra t ion  seemed t o  be f a i r l y  robus t ,  because normal c i l i a r y  a c t i v i t y  was 
maintained f o r  a t  l e a s t  e i g h t  days. The s tandard  dev ia t ions  of t h e  mean 
c i l i a r y  bea t ing  r a t e s  a r e  repor ted  i n  t h e  t a b l e s  o r  p l o t t e d  on t h e  graphs which 
fol low i n  t h e  r e s t  of t h e  r e s u l t s  s e c t i o n .  Only t h e  s tandard  dev ia t ions  i n  
t h e  p o s i t i v e  d i r e c t i o n  a r e  p l o t t e d  ( a s  one ha l f  of a  b r a c k e t ) ,  t o  avoid 
c l u t t e r i n g  t h e  f igu res .  I n  gene ra l  t h e  s tandard  dev ia t ions  were q u i t e  small  
and uniform. Even small  changes i n  t h e  l e v e l s  of va r ious  water q u a l i t y  fac-  
t o r s  produced marked changes i n  t h e  average c i l i a r y  bea t ing  r a t e s ,  w i th  
l i t t l e  o r  no overlap of t h e  s tandard  dev ia t ions .  
The p a r t i c l e  t r a n s p o r t  r a t e  ac ros s  t h e  g i l l s  proved t o  be  s i m i l a r l y  re- 
l i a b l e  and s e n s i t i v e .  
The s e n s i t i v i t y  of t h e  rap id  method i s  compared t o  t h e  s e n s i t i v i t y  of 
t h e  chronic  b ioassay  method i n  t h e  r e s u l t s  subsec t ions  on potassium and 
ammonia. 
The Gaping Response a s  an I n d i c a t o r  of Death 
Death was b e s t  i nd ica t ed  by t h e  gaping response. Gape was due t o  
r e l a x a t i o n  of p o s t e r i o r  and a n t e r i o r  adductor  msucles,  a f t e r  which t h e  
e l a s t i c  e x t e r n a l  l igament forced t h e  s h e l l s  open. The clam d i d  n o t  respond 
when t h e  body was prodded through t h e  open s h e l l  and was incapable  of keeping 
t h e  s h e l l  c lo sed  when t h e  valves were forced  toge the r .  Clams f a i l e d  t o  re- 
cover a f t e r  e x h i b i t i n g  t h i s  response. 
The dea th  c r i t e r i o n  was v e r i f i e d  i n  t e s t s  A2 and 52. Clams e x h i b i t i n g  
t h e  gaping response were removed and placed i n  c l e a n  water .  I n  both of t hese  
t e s t s ,  100 pe rcen t  of t h e  clams f a i l e d  t o  recover  a f t e r  e x h i b i t i n g  t h i s  
response. 
Some a d u l t s  exh ib i t ed  a  p a r t i a l  gape which was n o t  a  v a l i d  dea th  i n d i -  
c a t o r .  A p a r t i a l  gape was cha rac t e r i zed  by a  va lve  sepa ra t ion  of 1 mm o r  
l e s s  i n  conjunct ion wi th  a  l ack  of response t o  prodding. Clams recovered 
from t h i s  cond i t i on  i f  placed i n  c l ean  water .  Juven i l e  clams never exh ib i t ed  
a  p a r t i a l  gape. 
Other responses t h a t  t h e  clams exh ib i t ed  t h a t  were no t  dea th  i n d i c a t o r s  
were immobil izat ion,  c e s s a t i o n  of h e a r t  b e a t  ( v i s i b l e  through t h e  t r anspa ren t  
s h e l l ) ,  c o n t r a c t i o n  of body toward t h e  umbo reg ion ,  and l a c k  of response t o  
prodding of t h e  extended f o o t  o r  siphon upon which t h e  va lves  were t i g h t l y  
closed.  
Acute and Chronic Bioassay Methods wi th  Juven i l e  and Adult F inge rna i l  Clams 
Two types  of b ioassay  methods were used i n  t h i s  research:  t h e  a c u t e  
s t a t i c  b ioassay  i n  which t h e  clams were no t  f ed ,  and t h e  chronic  b ioassay  i n  
which t h e  clams were f e d  and e f f e c t s  of t h e  tox ican t  on growth were monitored. 
The chronic  bioassay was t h e  p re fe r r ed  method of t e s t i n g  M. transversum f o r  
s e v e r a l  reasons.  The slow response of t h e  clam i s  a primary cons idera t ion .  
Sprague (1973) s t a t e d  t h a t  acu te  b ioassays  should no t  be terminated u n t i l  t h e  
t o x i c i t y  curve becomes asymptotic t o  t h e  v e r t i c a l  a x i s  and thus  i n d i c a t e s  a  
l e t h a l  t h re sho ld .  Only a d u l t  t e s t  A2 (Figure 22 )  showed a v a l i d  l e t h a l  
th reshold  a f t e r  240 hours (10 days) of exposure. Acute s t a t i c  t e s t s  53 and 54 
(Tables 16 & 18) were extended beyond 600 hours (25 days) without  demonstrating 
l e t h a l  t h re sho lds .  I n  gene ra l ,  t h e  main advantage of u s ing  acu te  b ioassay  
techniques i s  reduced t e s t i n g  time, e .g .  i n  most f i s h  b ioassays  a  l e t h a l  
th reshold  can be reached i n  24 t o  48 hours.  This  advantage was no t  ev ident  
i n  t h e  acu te  t e s t s  wi th  Musculium transversum. On t h e  o t h e r  hand, t h e  spec i e s  
seems t o  be i d e a l l y  s u i t e d  f o r  chronic bioassay.  A proper ly  conducted chronic 
b ioassay  should expose t h e  organism t o  t h e  tox ican t  f o r  an e n t i r e  l i f e  cycle .  
M. transversum, under optimum cond i t i ons ,  can complete an e n t i r e  l i f e  cyc l e  
- 
i n  33 days (Gale, 1969). 
There were c e r t a i n  d e f i c i e n c i e s  i n  t h e  chronic  t e s t i n g  system. These 
a r e  r e l a t e d  mainly t o  improvements t h a t  a r e  needed i n  t h e  c u l t u r e  method. 
Gale (1969) s t a t e d  t h a t  5  mm was t h e  minimum leng th  of clam i n  which embryos 
normally occur.  The b e s t  growth t h a t  was achieved i n  t h e  chronic  b ioassays  
was i n  potassium t e s t  K2 where clams i n  one t e s t  chamber grew an average of 
1.4 mm i n  28 days (Figure 26 ). This  growth r a t e  needs t o  be n e a r l y  doubled 
i f  reproduct ion  is  t o  be  obtained wi th in  t h e  optimum 33 days. The reasons  
f o r  t h e  reduced growth r a t e  a r e  unknown and experiments a r e  c u r r e n t l y  being 
conducted t o  make improvements i n  t h e  c u l t u r e  system. 
Toxic i ty  curves of a d u l t s  and j u v e n i l e  clams under s i m i l a r  t e s t  condi- 
t i o n s  were compared (Figures  21 and 22 ) and were s i g n i f i c a n t l y  d i f f e r e n t  
(p=0.05). Adults  responded 5 t o  1.6 t imes f a s t e r  than  t h e  j u v e n i l e s  t o  
potassium. A l e t h a l  t h r e sho ld  was ob ta ined  a t  l e a s t  150 hours  f a s t e r  i n  t h e  
a d u l t  test than i n  t h e  j uven i l e  test (F igure  22 ). 
The most important  reason f o r  u s ing  g. transversum a s  a  b ioassay  organism 
r e l a t e s  t o  i t s  paramount e c o l o g i c a l  importance, a s  descr ibed  i n  t h e  Introduc- 
t i o n  and Background. 
The responses  of  clams t o  l i g h t ,  raw I l l i n o i s  River wa te r ,  cyanide, low 
d i s so lved  oxygen concent ra t ions ,  and s i x  of t h e  s i x t e e n  f a c t o r s  which oc- 
cur red  a t  h igher  l e v e l s  i n  t h e  I l l i n o i s  River  than  i n  t h e  M i s s i s s i p p i  River 
a r e  descr ibed  i n  t h e  subsec t ions  which fol low.  
Response of Clams t o  Light  and Darkness 
Volumes have been w r i t t e n  on t h e  r o l e  of l i g h t  and darkness  i n  con- 
t r o l l i n g  phys io log i ca l  p rocesses  i n  bo th  p l a n t s  and animals ( f o r  example, Beck, 
1963). It was important  t o  determine t h e  e f f e c t s  of l i g h t  and darkness  on 
f i n g e r n a i l  clams. The l i g h t i n g  a t  t h e  l a b o r a t o r y  could then be  c o n t r o l l e d  
t o  avoid confounding t h e  e f f e c t s  o f  l i g h t i n g  wi th  t h e  e f f e c t s  of t h e  water  
q u a l i t y  f a c t o r s .  
F igure  8 shows t h a t  t h e  c i l i a r y  b e a t i n g  r a t e s  of g i l l s  from two Sphaeri-  
acean clams (Musculium transversum and Corb icu la  mani lens i s )  and t h e  un re l a t ed  
i n t e r t i d a l  mussel,  Myti lus  e d u l i s ,  w e r e  i n h i b i t e d  by l i g h t  from a f l uo re scen t  
desk lamp con ta in ing  two Sylvania  F-15/T8 CW tubes  pos i t i oned  about 0 .5  m from 
t h e  g i l l  p r epa ra t i ons .  Not iceable  i n h i b i t i o n  occurred a f t e r  1  t o  2% hours  of 
exposure t o  l i g h t  and maximum i n h i b i t i o n  occurred a f t e r  2 t o  6 hours '  exposure. 
When t h e  g i l l  p r epa ra t i ons  were r e tu rned  t o  darkness ,  t h e  c i l i a r y  bea t ing  
r a t e s  r e tu rned  t o  normal a f t e r  2 t o  4 hours ,  w i th  t h e  except ion  of l a r g e  Mus- 
-
culium transversum, whose c i l i a r y  bea t ing  r a t e s  had no t  recovered t o  normal 
by t h e  t i m e  t h e  experiment was ended a f t e r  4 hours exposure t o  darkness .  The 
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Figu re  8. Light  i n h i b i t s  t h e  b e a t i n g  of lateral c i l i a  on t h e  g i l l s  of two 
Sphaeriacean clams (Musculium transversum and Corbicula  mani lens i s )  
and t h e  un re l a t ed  i n t e r t i d a l  mussel,  Myti lus  - e d u l i s .  Beat ing r a t e s  
recovered when t h e  l i g h t  was tu rned  o f f .  
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response of smal l  f i n g e r n a i l  clams t o  l i g h t  was more s i m i l a r  t o  t h a t  of t he  
i n t e r t i d a l  mussel,  than  t o  t h e  l a r g e  f i n g e r n a i l  clams. 
Musculium transversum l i v e s  i n  almost p e r p e t u a l  darkness  i n  o r  on t h e  
bottom of t h e  t u r b i d  M i s s i s s i p p i  River .  However, t h e r e  a r e  a few occas ions  
when l i g h t  does r each  t h e  bottom, such as i n  mid-winter, under i c e ,  a t i m e  
when t h e  clam i s  normally dormant i n  Keokuk Pool ,  M i s s i s s i p p i  River .  Perhaps 
t h e  i n h i b i t i o n  of t h e  c i l i a  by l i g h t  is a p r o t e c t i v e  response,  should t h e  clam 
be  exposed t o  f a l l i n g  water  l e v e l s  o r  t o  t h e  a i r .  The s h e l l  of t h e  f i n g e r n a i l  
clam is  c e r t a i n l y  t r a n s l u c e n t  and p r a c t i c a l l y  t r a n s p a r e n t .  I t  would be  i n t e r -  
e s t i n g  t o  determine whether t h e  clam feeds  more a c t i v e l y  a t  n i g h t  when i t  
l i v e s  i n  very  shal low,  o r  c l e a r  water .  Perhaps t h e  i n c r e a s i n g  exposure t o  
d a y l i g h t ,  which would r e s u l t  from decreas ing  water  l e v e l s  over shal low 
a r e a s ,  would s t i m u l a t e  t h e  clams t o  burrow i n t o  t h e  mud and cease  normal 
a c t i v i t y  ( inc lud ing  c i l i a r y  a c t i v i t y )  t h u s  p r o t e c t i n g  them from des i cca t ion .  
A l l  subsequent experiments w i th  wa te r  q u a l i t y  f a c t o r s  w e r e  conducted 
i n  a  photographicdarkroom,because t h e  maximum c i l i a r y  bea t ing  r a t e  was ob- 
t a i n e d  i n  darkness .  The only i l l u m i n a t i o n  was provided by a  photographic  
s a f e  l i g h t  w i th  a  Kodak 1A f i l t e r .  The s a f e  l i g h t  d id  no t  i n f luence  t h e  
c i l i a r y  bea t ing  r a t e .  Stroboscopic  measurement of t h e  c i l i a r y  bea t ing  r a t e  
took only a few seconds, and was n o t  long enough t o  cause i n h i b i t i o n  of t h e  
c i l i a .  I n t a c t  clams were exposed t o  n a t u r a l  l i g h t  from windows o r  t i m e r -  
c o n t r o l l e d  l i g h t s  dur ing  t h e  chronic  and a c u t e  b ioas says ,  except  f o r  a c u t e  
tests A1 and J 1  where they w e r e  exposed t o  d i f f u s e ,  low- in tens i ty  room l i g h t .  
Response of Clams t o  Temperature 
G i l l  p r epa ra t i ons  from t h e  i n t e r t i d a l  mussel,  Myti lus  e d u l i s ,  maintained 
t h e i r  c i l i a r y  bea t ing  r a t e s  over a  broader  temperature  range than  g i l l  prepara- 
t i o n s  from f i n g e r n a i l  clams o r  A s i a t i c  clams (F igure  9) .  It is  n o t  s u r p r i s i n g  
t h a t  t h e  i n t e r t i d a l  mussel. shows such a  broad temperature  range,  f o r  i t  must 
wi ths tand  d a i l y  exposure t o  t h e  ho t  sun when t h e  t i d e  is ou t ,  followed by 
sudden immersion i n  cold s e a  water  when t h e  water  r e t u r n s .  Small f i n g e r n a i l  
clams have a  broader  temperature  range than l a r g e  ones,  and t h e  A s i a t i c  clam 
appears  t o  have t h e  narrowest  temperature  t o l e r ance ,  a t  l e a s t  a s  measured by 
t h e  c i l i a r y  bea t ing  response. 
W e  have found t h a t  f i n g e r n a i l  clams begin t o  grow r a p i d l y  when water  
temperatures  i n  t h e  Keokuk Pool,  M i s s i s s i p p i  River rise above 11-13 C. F igure  9 
shows t h a t  t h e  c i l i a r y  b e a t i n g  r a t e  of t h e  f i n g e r n a i l  clam s u b s t a n t i a l l y  
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.gure 9. C i l i a r y  bea t ing  response of g i l l s  Ero~n l a r g e  and smal l  f i n g e r n a i l  
clams (Muscul.ium transversum),  t h e  A s i a t i c  clam (Corbicula  mani lens is ) ,  
and t h e  b lue  mussel (Mytilus e d u l i s )  t o  temperature.  
increased  above 14-15OC, s o  t h e  f i e l d  r e s u l t s  appear t o  cor robora te  t h e  labora-  
t o r y  f ind ings .  The l abo ra to ry  r e s u l t s  a l s o  suggest  t h a t  t he  c i l i a r y  func t ion  
of f i n g e r n a i l  clams would be d r a s t i c a l l y  reduced i f  water  temperatures  in-  
creased above 30°C. 
It i s  s u r p r i s i n g  t h a t  t h e  g i l l s  from A s i a t i c  clams showed a maximum 
bea t ing  response a t  20°C, and a bea t ing  r a t e  of p r a c t i c a l l y  zero  a t  30°C, 
al though A s i a t i c  clams a r e  known t o  i n h a b i t  thermal e f f l u e n t s  which exceed 
30°C. (Personal  communication, February 10, 1978, M r .  Herbert  Dre i e r ,  Aquatic 
B io log i s t ,  I l l i n o i s  Natura l  H i s to ry  Survey.) Mat t ice  and Dye (1976) re-  
p o r t  t h a t  t h e  upper temperature t o l e rance  i s  34OC, f o r  A s i a t i c  clams 
acc l imated  t o  30°C. However, a l l  g i l l  p r e p a r a t i o n s  used i n  our  exper iments  
came from clams which had been acc l imated  t o  water tempera tures  of 17OC, and 
i t  i s  l i k e l y  t h a t  t h e  optimum t empe ra tu r e  f o r  t h e  c i l i a r y  b e a t i n g  response  
would b e  s h i f t e d  toward h ighe r  t empe ra tu r e s ,  i f  t h e  clams were acc l imated  t o  
h i g h e r  t empera tures .  Add i t i ona l  exper iments  would have t o  b e  performed t o  
de te rmine  t h e  acc l ima t i on  r ange  of t h e s e  t h r e e  s p e c i e s  of  clam, and t h e  
r e l a t i o n s h i p  between t h e  c i l i a r y  b e a t i n g  response  and a c c l i m a t i o n  temperature .  
F igu re s  10 and 11 show t h a t  t h e  c i l i a r y  b e a t i n g  rate of g i l l s  from both  
l a r g e  and s m a l l  f i n g e r n a i l  clams i s  p r o p o r t i o n a l  t o  t h e  water tempera ture .  
The sma l l  f i n g e r n a i l  clams showed a  g r e a t e r  response  t o  i n c r e a s e d  water 
t empe ra tu r e  than  t o  l a r g e  clams. When t h e  t empera ture  w a s  i nc r ea sed  from 18' 
t o  21°C, t h e  c i l i a r y  b e a t i n g  rate of  s m a l l  clams i n c r e a s e d  from 9 t o  20 
b e a t s  p e r  second, whepeas t h e  c i l i a r y  b e a t i n g  rate of g i l l s  from l a r g e  clams 
i nc r ea sed  from 8 t o  11 b e a t s  p e r  second f o r  j u s t  a few seconds.  The e f f e c t s  
of potass ium cyan ide  and sodium cyan ide  a r e  d i s cus sed  i n  ano the r  subsec t i on .  
Response of  Clams t o  Dissolved Oxygen 
F igu re  12 shows t h a t  t h e  h ighe r  t h e  concen t r a t i on  of d i s s o l v e d  oxygen 
i n  t h e  water p e r f u s i n g  t h e  g i l l  p r e p a r a t i o n ,  t h e  g r e a t e r  t h e  c i l i a r y  b e a t i n g  
rate. The c i l i a r y  b e a t i n g  rate of g i l l  p r e p a r a t i o n s  from l a r g e  clams r a p i d l y  
d e c l i n e d  t o  z e r o  when t h e  d i s s o l v e d  oxygen c o n c e n t r a t i o n  w a s  reduced t o  2  
p a r t s  p e r  m i l l i o n .  G i l l  p r e p a r a t i o n s  from s m a l l  clams showed a similar 
response ,  a l though  t h e  r e s u l t s  are not .  p l o t t e d  i n  F i g u r e  12 f o r  t h e  s ake  of 
c l a r i t y .  It is  u n l i k e l y  t h a t  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  of 2  p a r t s  p e r  
m i l l i o n  o r  lower would immediately k i l l  f i n g e r n a i l  clams i n  n a t u r e .  Most, 
o r  perhaps  a l l  clams can sw i t ch  from a e r o b i c  t o  anae rob i c  metabolism when t h e i r  
s h e l l s  are c lo sed .  W e  d i d  n o t  conduct any a c u t e  o r  c h r o n i c  b ioa s says  t o  
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Figure 10. Beating 
rate of cilia on gills 
from large fingernail 
clams is proportional 
to the increase in water 
temperature. All large 
clams were maintained in 
a potassium concentration 
of .039 mg/l during the 
experiments in order to 
maintain normal ciliary 
activity. Addition of 
98 mg/l sodium cyanide 
at time A inhibited 
the cilia, even at a 
stimulatory temperature. 
SECONDS 
Figure 11. Beating 
rate of cilia on gills* 
from small clams is 
proportional to the 
increase in water tem- 
perature. All small 
clams were maintained 
in a potassium concentra- 
tion of 39 mg/l during 
the experiments in 
order to maintain normal 
ciliary activity. 
Addition of 98 mg/l 
sodium cyanide or 130 mg/l 
potassium cyanide at time 
A gradually inhibited 
the cilia, even at a 
stimulatory temperature. 
SECONDS 
Figure  12. The c i l i a r y  b e a t i n g  r a t e  of g i l l s  from l a r g e  and smal l  f i n g e r n a i l  
clams increased  a s  t h e  oxygen concen t r a t i on  of t h e  water  increased .  
The c i l i a r y  b e a t i n g  r a t e  of both l a r g e  and smal l  clams r a p i d l y  
dec l ined  t o  0 i n  water  con ta in ing  2 mg/l o r  less oxygen. (The 
response of  small clams t o  decreased oxygen i s  no t  p l o t t e d  f o r  
t h e  s ake  of c l a r i t y . )  
determine how long i n t a c t  f i n g e r n a i l  clams could r e s i s t  d i s so lved  oxygen 
concen t r a t i ons  of 2 p a r t s  pe r  m i l l i o n  o r  lower. F inge rna i l  clams a r e  found 
i n  t h e  Des P l a i n e s  River ,  where t h e  oxygen concen t r a t i ons  probably reach  low 
l e v e l s  due t o  oxygen-demanding wastes  (persona l  communication, October 15, 1976, 
M r .  Thomas B u t t s ,  Chemist, Water Qua l i t y  Sec t ion ,  I l l i n o i s  S t a t e  Water survey) .  
A common f e a t u r e  of t h e  anatomy of many s p e c i e s  of clams is a  p a i r  of 
pa lp s  l o c a t e d  nea r  t h e  mouth (Figure 5 ) .  The pa lps  a r e  oxygen-sensing organs,  
which appa ren t ly  s t i m u l a t e  t h e  l a t e r a l  c i l i a  t o  bea t  f a s t e r  when t h e  oxygen 
conten t  of t h e  water  is increased .  When t h e  pa lps  a r e  removed, t h e  g i l l  
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F igure  13. The c i l i a r y  b e a t i n g  r a t e  of g i l l s  from l a r g e  and sma l l  f i n g e r n a i l  
clams (Musculium transversum),  A s i a t i c  clams (Corbicula  man i l ens i s ) ,  
and t h e  b lue  mussel (Myti lus  e d u l i s )  dec l ined  when t h e  oxygen 
l e v e l  was reduced from 10 t o  2  mg/l ,  and recovered when the  oxygen 
l e v e l  was r e s t o r e d  t o  10 mg/l. When t h e  oxygen-sensing pa lps  were 
removed, t h e  g i l l s  responded a s  though they were i n  oxygen- 
d e f i c i e n t  water ,  a l though t h e  ambient oxygen concen t r a t i on  was 
maintained a t  10 mg/l. 
p r epa ra t i ons  behave a s  though they w e r e  i n  water  conta in ing  l i t t l e  d i s so lved  
oxygen, even though oxygen l e v e l s  i n  t h e  water  a r e  maintained a t  10 p a r t s  
per  m i l l i o n  (Figure 13) .  
Response of Clams t o  Sodium N i t r a t e  and Sodium S u l f a t e  
Concentrat ions of n i t r i t e - n i t r a t e ,  s u l f a t e ,  and t o t a l  d i s so lved  s o l i d s  
i n  t h e  I l l i n o i s  River were g r e a t e r  than i n  t h e  M i s s i s s i p p i  River  ( s ee  Tables  2-4). 
The purpose of exposing g i l l  p r epa ra t i ons  t o  sodium n i t r a t e  and sodium s u l f a t e  
was t o  determine whether any of t h e  above t h r e e  f a c t o r s  could have a f f e c t e d  
f i n g e r n a i l  clams. Moreover, t h e  meta l s  l e a d ,  copper ,  and z i n c  were added i n  
t h e  form of n i t r a t e s  o r  s u l f a t e s ,  s o  i t  was important  t o  determine t h e  r e l a t i v e  
c o n t r i b u t i o n ,  i f  any, of t h e  s u l f a t e  and n i t r a t e  p o r t i o n  of t h e  s a l t s  t o  t h e  
t o x i c i t y  of t h e  s o l u t i o n s .  
Table  5  shows t h a t  t h e  h i g h e s t  concen t r a t i ons  of sodium n i t r a t e  and sodium 
s u l f a t e  t e s t e d  had no e f f e c t  on t h e  c i l i a r y  bea t ing  r a t e s  of g i l l s  from l a r g e  
o r  sma l l  clams. The concent ra t ions  of t h e  meta l s  a r e  g iven  a s  gram atomic 
weights ,  and a r e  converted t o  mg/l a s  fo l lows:  sodium ( l f 3  x  t h e  gram atomic 
weight of sodium, o r  22.9 mg/ l ) ,  n i t r a t e  x  t h e  gram i o n i c  weight of 
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n i t r a t e ,  o r  62.0 mg/l) ,  and s u l f a t e  ( . 5  x  10 x  t h e  gram i o n i c  weight of 
s u l f a t e ,  o r  48.0 mg/l) .  The I l l i n o i s  Environmental P r o t e c t i o n  Agency expresses  
n i t r a t e - n i t r i t e  concen t r a t i ons  a s  n i t r o g e n ,  i n  mg/l. The maximum n i t r a t e  
concen t r a t i on  w e  t e s t e d ,  62.0 mg/l, i s  equ iva l en t  t o  18 mg/l a s  n i t rogen .  
The maximum n i t r a t e - n i t r i t e  concen t r a t i on  ( a s  n i t rogen )  shown i n  Table  5  f o r  
t h e  water  q u a l i t y  sampling s t a t i o n s  i n  t h e  I l l i n o i s  River  i s  7.6, s o  n i t r a t e  
concen t r a t i ons  i n  t h e  r i v e r  c e r t a i n l y  were no t  h igh  enough i n  1975 t o  impair  
t h e  c i l i a r y  a c t i v i t y  of f i n g e r n a i l  clams. The maximum s u l f a t e  concen t r a t i ons  
a t  t h e  sampling s t a t i o n s  i n  t h e  I l l i n o i s  River ranged from 101 t o  155 (Table 5 ) ,  
cons iderab ly  above t h e  maximum s u l f a t e  concen t r a t i on  w e  t e s t e d ,  s o  s u l f a t e  
cannot be  r u l e d  ou t  a s  a  f a c t o r  which might a f f e c t  f i n g e r n a i l  clams i n  t h e  r i v e r .  
The t o t a l  d i s so lved  s o l i d s  (TDS) concen t r a t i on  i n  t h e  I l l i n o i s  River  
(Table 5)  i s  determined by measuring t h e  s p e c i f i c  e l e c t r i c a l  conduc t iv i t y  
of t h e  water  ( i n  micromhos/cm) and mu l t i p ly ing  by 0.6 ( I l l i n o i s  Environmental 
P r o t e c t i o n  Agency, 1976: i i ) .  The maximum conduc t iv i t y  r epo r t ed  f o r  t h e  
I l l i n o i s  River  i n  1975 can be  computed by d i v i d i n g  t h e  maximum t o t a l  d i sso lved  
Table 5 .  E f f e c t s  of.  Sodium N i t r a t e ,  Sodium S u l f a t e ,  Lead N i t r a t e ,  
Copper S u l f a t e ,  and Zinc S u l f a t e  on t h e  Average C i l i a r y  Beating Rate of t h e  
G i l l s  of Musculiwn t r a n s v e r ~ u m . ~  
Gram Atomic A v e r a g e  R a t e  o f  B e a t i n g  ( B e a t s I S e c . )  
Weight of Metal Sodium Lead Sodium Copper Zinc 
per  L i t e r  N i t r a t e  N i t r a t e  S u l f a t e  S u l f a t e  S u l f a t e  
S m a l l  Clams (5  - 5 . 0  mm maximum s h e l l  l e n g t h )  
10.8+0.9 - 11.5+0.6 - 12.1+0.9 - 13.1+0.5 - 12.6+0.4 - 
10.7+0.8 - 11.3+0.4 - 12.3+0.6 - 10.5+0.4 - 10.9+0,3 - 





1 o - ~  
L a r g e  Clams (3  5 . 0  mm maximum s h e l l  l e n g t h )  




1 0 - ~  
1 o - ~  
1 0 - ~  
a Each poin t  is  a n  average of 14 g i l l s  and 12 readings  per  g i l l ,  o r  a  t o t a l  
of 168 observat ions.  
b ~ ~ e a n  - + standard dev ia t ion ,  
concent ra t ion  of 440 mg/l by 0.6, y i e l d i n g  733 micromhos/cm. We d id  n o t  
measure t h e  conduct iv i ty  of our  t e s t  s o l u t i o n s .  It is  p o s s i b l e  t o  compute 
t h e  approximate conduct iv i ty  of s o l u t i o n s  us ing  methods given i n  Sawyer and 
McCarty (1967: 184-186) and t a b l e s  i n  t h e  Handbook of Chemistry and Physics  
(1962: 2692-2696). For example, t h e  amount of sodium s u l f a t e  added t o  t h e  
s t r o n g e s t  t e s t  s o l u t i o n  would produce an approximate conductance of 111 
2 
micromhos/cm . This  does n o t  inc lude  t h e  con t r ibu t ion  made t o  t o t a l  conduc- 
tance  by o ther  i ons  i n  t h e  s o l u t i o n ,  bu t  i t  i n d i c a t e s  t h a t  t he  i o n i c  s t r e n g t h  
of ou r  t e s t  s o l u t i o n s  was probably below t h e  average and maximum i o n i c  
s t r e n g t h  of t h e  I l l i n o i s  River .  
Response of Clams t o  Sodium Cyanide and Potassium Cyanide 
Figure 10 shows t h a t  t h e  bea t ing  r a t e  of c i l i a  from t h e  g i l l s  of l a r g e  
clams was i n h i b i t e d  by a  cyanide concen t r a t ion  of 98 mg/l ( a s  CN, no t  a s  
NaCN), even a t  a  temperature of 25 C,  which would normally s t i m u l a t e  t h e  c i l i a .  
F igure  11 shows t h a t  i t  took longer  f o r  a  cyanide concent ra t ion  of 98 
mg/l t o  i n h i b i t  t h e  c i l i a r y  bea t ing  r a t e  of smal l  clams than i t  d id  f o r  l a r g e  
clams. A h igher  concent ra t ion  (130 mg/l a s  CN) i n h i b i t e d  t h e  c i l i a  of smal l  
clams sooner,  bu t  d id  n o t  e n t i r e l y  prevent  an i n i t i a l  i nc rease  i n  t h e  bea t ing  
r a t e  due t o  t h e  warm temperature (26 C). 
Addi t iona l  experiments would have t o  be conducted wi th  cyanide t o  de- 
termine t h e  th re sho ld  concent ra t ion  f o r  i n h i b i t i o n  of c i l i a .  
Response of Clams t o  Lead N i t r a t e ,  Copper S u l f a t e ,  and Zinc S u l f a t e  
Since n i t r a t e  and s u l f a t e  d i d  no t  have any e f f e c t s  on t h e  c i l i a r y  bea t ing  
r a t e s  of g i l l  p r epa ra t ions ,  t h e  marked e f f e c t s  obtained wi th  s o l u t i o n s  of 
l ead  n i t r a t e ,  copper s u l f a t e ,  and z inc  s u l f a t e  a r e  a t t r i b u t a b l e  t o  t h e  metals .  
Table 5 r e p o r t s  concent ra t ions  of t he  metals  a s  gram atomic weights  per  l i t e r  
(GAW/l). The concent ra t ion  o r  concent ra t ion  range i n  which t h e  c i l i a r y  bea t ing  
r a t e  was reduced t o  50% of t h e  normal l e v e l  i s  given i n  mil l igrams per  l i t e r  
(mgll) o r  micrograms per  l i t e r  (yg / l )  below: 
Large Clams Small Clams 
Lead .02 y g / l  2-20 1-1811 
- - 
Copper .0006 p g / l  ,006-. 06 p g / l  
Zinc .00006 yg/1  .06-.6 y g / l  
A concent ra t ion  range i s  given i n  cases  where t h e  lower concent ra t ion  produced 
l e s s  than a  50% reduct ion  i n  t h e  c i l i a r y  bea t ing  r a t e  and t h e  next  h igher  
concent ra t ion  produced more than a  50% reduct ion.  The concent ra t ion  which 
would cause a  50% reduct ion  would l i e  between t h e  two concent ra t ions  a c t u a l l y  
t e s t e d .  - 
The concent ra t ions  which caused 90% reduct ions  i n  c i l i a r y  bea t ing  
r a t e s  a r e :  
Large Clams Small Clams 
Lead 2 1-18/1 207 mg/l 
Copper .06-.6 y g / l  63 mg/l 
Zinc .06-.65 mg/l .65 mg/l 
The g i l l s  from l a r g e  clams a r e  much more s e n s i t i v e  t o  t h e  metals  than g i l l s  
from smal l  clams; o r  s t a t e d  another  way, t h e  clams become more s e n s i t i v e  t o  
- 
t hese  metals  a s  they grow o lde r  and l a r g e r .  This  i s  the  r eve r se  of t h e  case  
wi th  f i s h ,  where t h e  juven i l e  s t a g e s  a r e  usua l ly  more s e n s i t i v e  t o  tox ican t s  
than t h e  a d u l t s .  
I n  1975, t h e  average, median, and maximum concentrat ions of l e a d ,  copper,  
and z inc  i n  t h e  reach of t h e  I l l i n o i s  River between Creve Coeur and Havana and 
i n  t h e  P l i ss i ss ippi  River a t  For t  Madison ( I l l i n o i s  Environmental P ro tec t ion  
Agency, 1975, Volumes 2 and 4) were below t h e  l e v e l s  which would cause a 90% 
reduct ion  i n  t h e  c i l i a r y  bea t ing  r a t e  of g i l l s  from smal l  clams. Lead was 
below d e t e c t a b l e  l i m i t s  i n  3 samples taken from t h e  Miss i s s ipp i  River a t  For t  
Madison i n  1975 ( I l l i n o i s  Environmental P ro tec t ion  Agency, 1975, Volume 4: 425), 
b u t  averaged .O1 t o  .02 mg/l i n  3 of t h e  4 sampling s t a t i o n s  on t h e  I l l i n o i s  
River ( I l l i n o i s  Environmental P ro tec t ion  Agency, 1975, Volume 2: 92, 93, 103, 
104). These concent ra t ions  would be  s u f f i c i e n t  t o  cause more than a 90% 
reduct ion  i n  t h e  c i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  clams. The median 
concent ra t ion  of copper i n  two of t h e  I l l i n o i s  River s t a t i o n s  was s l i g h t l y  
h igher  than i n  t h e  Miss i s s ipp i ,  and t h e  maximum copper concent ra t ion  of .02 
was t h e  same i n  both r i v e r s  ( I l l i n o i s  Environmental P ro tec t ion  Agency, 1975, 
Volume 2: 92, 93, 103, 104; Volume 4: 425). A copper concent ra t ion  of .02 
mg/l would cause more than a 90% reduct ion  i n  t h e  c i l i a r y  bea t ing  of g i l l s  
from l a r g e  clams. The maximum z inc  concent ra t ion  (. 1 mg/l) a t  t h e  Miss i s s ipp i  
sampling s t a t i o n  was equal  t o  o r  g r e a t e r  than  t h e  maxima a t  t h e  four  I l l i n o i s  
River s t a t i o n s  ( I l l i n o i s  Environmental P ro tec t ion  Agency, 1975, Volume 2: 92, 
93, 103, 104; Volume 4: 425), and j u s t  w i th in  t h e  range which caused a 90% 
reduct ion  i n  t h e  c i l i a r y  response of g i l l s  from l a r g e  clams. 
A glance a t  Tables 2, 3, and 4 show t h a t  s e v e r a l  t o x i c  metals  genera l ly  
occur a t  h igher  concent ra t ions  i n  t h e  I l l i n o i s  River  than i n  t h e  Miss i s s ipp i .  
I n  view of t h e  extreme s e n s i t i v i t y  of t h e  clam g i l l s  t o  copper, l ead ,  and z inc ,  
i t  appears  t h a t  metals  i n  t h e  I l l i n o i s  River could be  a s i g n i f i c a n t  s t r e s s  on 
a d u l t  f i n g e r n a i l  clams. This  t e n t a t i v e  conclusion, which i s  based on t e s t s  
wi th  t h e  s e n s i t i v e  g i l l  p repara t ions ,  should be v e r i f i e d  wi th  bioassays using 
i n t a c t  f i n g e r n a i l  clams. 
Response of Clams t o  Potassium Chloride 
Response of G i l l  P repara t ions .  There w a s  a marked d i f f e r e n c e  i n  t h e  
response of g i l l  p repara t ions  from sma l l  and l a r g e  clams t o  potassium. When 
g i l l s  from smal l  clams were exposed t o  a potassium concent ra t ion  of 39 mg/l 
(lo-' M ) ,  s teady c i l i a r y  bea t ing  r a t e s  were maintained f o r  e i g h t  days (basa l  
r a t e ) .  Greater  concent ra t ions  (390 t o  19,500 mg/l) caused t h e  c i l i a  bea t ing  
r a t e  t o  d e c l i n e  (Figure 14).  Concentrations ranging from 3.9 t o  0.0039 mg/l 
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Figure 14. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. A potassium 
concent ra t ion  of 39 mg/l main ta ins  a b a s a l  r a t e ;  higher  concen- 
t r a t i o n s  a r e  c i l i o - i n h i b i t o r y .  
caused a temporary inc rease  i n  bea t ing  r a t e  f o r  t h r e e  t o  four  days, followed 
by a r e t u r n  t o  n e a r l y  t h e  basa l  r a t e  o r  s l i g h t l y  above (Figures 15 and 16).  
Lower concent ra t ions  ranging from 0.00039 t o  0.000039 m g / l  caused a g r e a t e r  
i nc rease  i n  bea t ing  r a t e  f o r  one t o  fou r  days, followed by a dec l ine  below 
t h e  b a s a l  r a t e .  F i n a l l y ,  t h e  lowest concent ra t ion  t e s t e d ,  0,0000039 mg/l, 
f a i l e d  t o  e x c i t e  t h e  c i l i a  o r  t o  maintain t h e  b a s a l  r a t e  (Figure 15) .  
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Figure  15. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. A potassium 
concent ra t ion  of 39 mg/l main ta ins  a  b a s a l  r a t e  (dashed l i n e ) ,  
whi le  lower concent ra t ions  (3.9 and 0.039 mg/l) t emporar i ly  
e x c i t e  t h e  c i l i a .  
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Figure 16. C i l i a r y  bea t ing  response of g i l l s  from smal l  clams. Continuous 
exposure of t h e  g i l l s  t o  potassium concent ra t ions  of 0.039 and 0.0039 
mg/l causes an i n c r e a s e  i n  c i l i a r y  bea t ing  r a t e  f o r  f o u r  days, 
followed by a  r e t u r n  t o  n e a r l y  t h e  b a s a l  r a t e  (dashed l i n e )  o r  
s l i g h t l y  above. Potassium concent ra t ions  of 0.00039 and 0.000039 mg/l 
cause a  g r e a t e r  i nc rease  i n  c i l i a r y  bea t ing  r a t e  f o r  one t o  t h r e e  
days, followed by a  d e c l i n e  below t h e  b a s a l  r a t e .  The lowest con- 
c e n t r a t i o n ,  0.0000039 mg/l, f a i l s  t o  maintain a  b a s a l  r a t e .  
The same p a t t e r n  of response t o  potassium occurred i n  l a r g e  clam g i l l s  
a s  i n  small  clam g i l l s ,  but  a t  much lower concent ra t ions  (Figures 17 and 18).  
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Figure 17. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  clams. A potassium 
concent ra t ion  of 0.039 mg/l maintains a  b a s a l  r a t e ;  higher  
concent ra t ions  a r e  c i l i o - i n h i b i t o r y .  
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Figure 18. C i l i a r y  bea t ing  response c f  g i l l s  from l a r g e  clams. Potassium 
concent ra t ions  of 0.0039 and 0.00039 mg/l e x c i t e  t h e  c i l i a ;  while  
0.000039 and 0.0000039 f a i l  t o  maintain t h e  b a s a l  r a t e .  
For example, b a s a l  c i l i a r y  bea t ing  r a t e s  i n  l a r g e  clam g i l l s  were maintained 
- 6 i n  0.039 mg/l potassium (10 M ) .  Higher concent ra t ions  (0.39 t o  39 mg/l) 
caused c i l i o - i n h i b i t i o n ,  lower concent ra t ions  (0.00039 t o  0.0039 mg/l) 
caused c i l i o - e x c i t a t i o n ,  and s t i l l  lower concent ra t ions  (0.0000039 t o  
0.000039 mg/l) caused bea t ing  r a t e s  t o  d e c l i n e  almost t o  zero.  
F igure  19 shows t h a t  c i l i a r y  bea t ing  r a t e s  of g i l l s  from both l a r g e  and 
smal l  clams dec l ined  when t h e  g i l l s  were exposed t o  molluscan s a l i n e  s o l u t i o n  
conta in ing  no potassium f o r  four  days. When potassium was added t o  t h e  
s o l u t i o n ,  t h e  g i l l s  from smal l  clams showed a recovery p a t t e r n ,  whi le  g i l l s  
from l a r g e  clams d id  not .  
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Figure  19. C i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  clams f a i l s  t o  recover 
from i n h i b i t i n g  e f f e c t  of potassium withdrawal.  G i l l s  from 
smal l  clams do recover .  
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G i l l s  from l a r g e  and sma l l  clams were kept  i n  molluscan s a l i n e  s o l u t i o n  
conta in ing  t h e  potassium l e v e l  r equ i r ed  f o r  maintenance of b a s a l  c i l i a r y  
bea t ing  r a t e s ,  then exposed t o  a  lower potassium l e v e l  (0.00039 mg/l) which 
was c i l i o - e x c i t a t o r y  f o r  both.  F igure  20 shows t h a t  g i l l s  from l a r g e  clams 
lagged cons iderab ly  behind g i l l s  from sma l l  clams i n  response t o  t h e  potassium 
reduc t ion .  
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Figure  20. G i l l s  from l a r g e  clams show a g r e a t e r  l a g  than  g i l l s  from small  
clams i n  response t o  a  c i l i o - e x c i t a t o r y  l e v e l  of potassium. 
Acute Response of I n t a c t  Clams t o  Potassfum Chlor ide .  Death was t h e  
response used i n  t h e  a c u t e  b ioassays .  The a c u t e  t o x i c i t y  curve i nd i ca t ed  
t h a t  potassium was a  slow-acting t o x i c a n t .  Le tha l  t h r e sho lds  o r  probable  
l e t h a l  t h r e sho lds  developed between 260 and 400 hours ( t e s t s  J1, 52, and A2; 
F igu re s  21 and 22). I n  t e s t s  53 and 54 (Figures  21 and 22),  even a f t e r  600 
hours  of exposure,  l e t h a l  t h r e sho lds  d i d  no t  develop. The only  test i n  which 
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Figure 21. Comparison of acu te  t o x i c i t y  curves,  a d u l t  t e s t  A 1  and juven i l e  
t e s t  J1. The t e s t s  were conducted under t h e  same condi t ions  
wi th  10 clams per concentrat ion.  The closed and open c i r c l e s  
a r e  concent ra t ions  which k i l l  50% of t h e  clams (LC50) a t  d i f -  
f e r e n t  observat ion times during t h e  t e s t .  The 95 percent  confidence 
l i m i t s  of each LC50 a r e  ind ica t ed .  
a  v a l i d  l e t h a l  threshold  developed, a t  a  potassium concent ra t ion  of 200 mg/l, 
was a d u l t  t e s t  A2 (Figure 22). Tes ts  J1 (Figure 21) and 52 (Figure 22) 
developed probable l e t h a l  thresholds  of 250 and 290 mg/l, r e spec t ive ly .  
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Figure 22. Comparison of acu te  t o x i c i t y  curves of a d u l t  t e s t  A2 and 
j u v e n i l e  t e s t  52. The t e s t s  were conducted under t h e  same 
condi t ions  wi th  20 clams pe r  concent ra t ion .  The open and 
closed c i r c l e s  a r e  potassium LC50s a t  d i f f e r e n t  observa t ion  
times dur ing  t h e  t e s t .  The 95 percent  confidence l i m i t s  f o r  
each LC50 a r e  i nd ica t ed .  
Toxic i ty  curves of a d u l t  and j u v e n i l e  clams under s i m i l a r  t e s t  condi- 
t i o n s  were compared (Figures  21 and 22) and were s i g n i f i c a n t l y  d i f f e r e n t  
(p=0.05). Adults responded 5 t o  1.6 t imes f a s t e r  than juven i l e s .  
Chronic Response of I n t a c t  F inge rna i l  Clams t o  Potassium Chloride. Two 
chronic  b ioassays  were conducted wi th  potassium (Figures  23-26). I n  
potassium bioassay  K1, t h e  concent ra t ions  ranged from 11.9 t o  195 mg/l 
potassium. There were no s i g n i f i c a n t  m o r t a l i t i e s  (Figure 23) o r  reduct ions  
i n  growth (Figure 24) a f t e r  42 days of continuous exposure t o  t h e  h ighes t  
concent ra t ion .  The concent ra t ions  were increased  i n  t h e  second potassium 
bioassay  K2 t o  produce a  range from 14.3 t o  275 m g / l  potassium. The only 
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Figure  23. I n  t h e  f i r s t  chronic  b ioassay  wi th  potassium (Kl) ,  t h e r e  
were no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  m o r t a l i t y  of clams 
exposed t o  t h e  d i f f e r e n t  potassium concent ra t ions .  P o i n t s  
which a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  (pC.05) a r e  included 
wi th in  a  dashed-line box. 
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Figure 24. I n  t h e  f i r s t  chronic bioassay wi th  potassium (Kl),  t h e r e  were 
no s i g n i f i c a n t  d i f f e rences  i n  t h e  growth ( i n  length)  of clams 
exposed t o  t h e  d i f f e r e n t  potassium concent ra t ions .  P o i n t s  
which a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  (p<.05) a r e  included 
wi th in  a  dashed-line box. 
concent ra t ion  which produced s i g n i f i c a n t  m o r t a l i t i e s  a f t e r  14 days of 
exposure was t h e  h ighes t ,  275 mg/l (Figure 25). Thus t h e  maximum 
acceptable  tox ican t  concent ra t ion  (MATC) f o r  long-term s u r v i v a l  of 
f i n g e r n a i l  clams l i e s  between 195 and 275 mg/l potassium. Figures 24 and 26 
show t h e  e f f e c t  of potassium on t h e  growth of f i n g e r n a i l  clams dur ing  
bioassays K1 and K2, r e spec t ive ly .  The lengths  of clams surv iv ing  t h e  
potassium concent ra t ion  of 275 mg/l (bioassay K2) were not  used i n  t h e  
DAYS OF EXPOSURE 
Figure 25. I n  t h e  second chronic  b i o a s s a y ' w i t h  potassium (K2) t h e  m o r t a l i t y  
of clams exposed t o  275 mg/l was s i g n i f i c a n t l y  g r e a t e r  (p<.05) 
than  t h e  m o r t a l i t y  i n  t h e  lower concent ra t ions  and i n  water  
w i th  no added potassium. 
a n a l y s i s  of potassium e f f e c t s  on growth, s i n c e  t h e  reduced number of su rv iv ing  
clams would cause sample b i a s .  I n  comparison wi th  t h e  c o n t r o l s ,  none of 
t h e  potassium concent ra t ions  between 45 and 184 mg/l caused reduct ion  i n  
growth. On t h e  cont ra ry ,  i t  appears  t h a t  potassium a c t u a l l y  s t imu la t ed  t h e  
growth of t h e  clams wi th  maximum growth occurr ing  a t  106 mg/l. Potassium 
apparent ly  has  no s u b l e t h a l  e f f e c t  on t h e  growth of f i n g e r n a i l  clams. The 
e f f e c t s  of potassium on t h e  reproduct ion  of t h e  clams was no t  determined, 
because no reproduct ion  occurred dur ing  t h e s e  b ioassays ,  even i n  t h e  con- 
t r o l s  where no potassium was added. 
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Figure  26. I n  t h e  second chronic  b ioas say  wi th  potassium (K2), t h e r e  
were no s i g n i f i c a n t  r educ t ions  i n  growth of t h e  clams exposed 
t o  t h e  d i f f e r e n t  potassium concent ra t ions .  I n  f a c t ,  t h e  
potassium a c t u a l l y  s t imu la t ed  growth, wi th  maximum growth 
occu r r ing  a t  a concen t r a t i on  of 106 mg/l. P o i n t s  which a r e  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  (p<.05) a r e  enclosed w i t h i n  a 
dashed-line box. 
The a c u t e  s t a t i c  b ioassays  i n d i c a t e  t h a t  t h e  l e t h a l  t h r e sho ld  concen- 
t r a t i o n  (LC50) of potassium is 200 mg/l f o r  a d u l t  clams and probably 250- 
290 mg/l f o r  j u v e n i l e  clams. The chronic  b ioassay  d a t a  show t h a t  t h e  maximum 
accep tab l e  t o x i c a n t  concen t r a t i on  (MATC) l ies  between 184 and 275 mg/l K.  
I n  comparison t o  s e v e r a l  o t h e r  test  organisms, - M. t ransversum is s e n s i t i v e  
t o  potassium. For example, t h e  96-hour LC50 f o r  mosquite f k h ,  Gambusia 
a f f i n i s ,  i s  920 mg/l potassium c h l o r i d e  (482 mg/l potassium)(Wallen, Green, 
and L a s a t e r ,  1957) and f o r  b l u e g i l l ,  Lepomis macrochirus ,  t h e  96-hour LC50 
i s  2010 mg/l potassium ch lo r ide  (1054 mg/l potassium) (Anonymous, 1960). I n  
f i s h  toxicology,  t h e  96-hour LC50 i s  comparable t o  a l e t h a l  th reshold .  
M. transversum was about as s e n s i t i v e  t o  potassium a s  s e v e r a l  o t h e r  
- 
i n v e r t e b r a t e s  t e s t ed .  The threshold  concent ra t ions  f o r  immobilization of 
Daphnia magna, Cyclops v e r n a l i s ,  and Mesocyclops l e u k a r t i  a r e  430, 640, and 
566 mg/l potassium ch lo r ide ,  r e s p e c t i v e l y  (Anderson e t  a l . ,  1948). These 
concent ra t ions  a r e  equiva len t  t o  225, 336, and 297 mg/l potassium. The 
96-hour LC50 f o r  t h e  A s i a t i c  clam, Corbicula  mani lens is ,  is  225 mg/l potas- 
sium (Anderson e t  a l . ,  1976) which i n d i c a t e s  t h a t t h e A s i a t i c  clam may be  
more s e n s i t i v e  t o  potassium than  M. transversum. However, a l e t h a l  t h re sho ld  
- 
was n o t  determined. Imlay (1973) found t h a t  a potassium concent ra t ion  of 
11 m g / l  was l e t h a l  t o  90 percent  of 3 s p e c i e s  of unionid clams, Act inonaias  
c a r i n a t a ,  Lampsi l is  r a d i a t a  s i l i q u o i d e a ,  and Fusconaia f l a v a ,  i n  36 t o  52 
days of exposure; a potassium concent ra t ion  of 7 mg/l was f a t a l  t o  t h e  l a t t e r  
2 spec i e s  i n  about 8 months. These spec i e s  a r e  considerably more s e n s i t i v e  
t o  potassium than - M. transversum. 
The h ighes t  potassium concent ra t ion  i n  25 water  samples taken nea r  t h e  
s u r f a c e  of t h e  I l l i n o i s  River  i n  1975 was 6 mg/l potassium (Anderson, 1977), 
w e l l  below t h e  l e t h a l  t h re sho lds  o r  probable l e t h a l  t h re sho lds  found i n  t h i s  
s tudy.  However, be fo re  cons ider ing  potassium l e v e l s  i n  t h e  I l l i n o i s  River  low 
enough t o  a l low s u r v i v a l  of t h e  s p e c i e s ,  t h e  microhabi ta t  of t h e  clam should 
be  considered.  Since t h e  clams l i v e  i n  o r  on t h e  sediments,  they u t i l i z e  
water  from t h e  i n t e r f a c e  o r  i n t e r s t i t i a l  water .  L i t t l e  is  known concerning 
t h e  chemistry of t h e s e  waters  i n  regards  t o  e q u i l i b r i a  wi th  t h e  water  column 
and sediment. Considering t h a t  potassium concent ra t ions  a s  h igh  a s  250 mg/kg 
have been found i n  t h e  sediments of t h e  I l l i n o i s  River by Mathis and Cummings 
(1971), i t  is  very poss ib l e  t h a t  water  a s soc i a t ed  wi th  t h e s e  sediments provides 
considerably h igher  potassium concent ra t ions  than water  above the  sediments.  
Addi t iona l  r e sea rch  i s  needed i n  t h i s  a rea .  
The acu te  s t a t i c  bioassay r e s u l t s  provided information important i n  
popula t ion  dynamics. The a d u l t s  respond 5 t o  1.6 t imes f a s t e r  than  juven i l e s  
t e s t e d  under t h e  same condi t ions  and showed a s i g n i f i c a n t l y  lower l e t h a l  
t h re sho ld  of 200 mg/l potassium (Figure 22) when compared t o  t he  probable 
l e t h a l  t h re sho lds  of 250 and 290 mg/l potassium (Figures  21 and 22, re- 
s p e c t i v e l y )  f o r  t h e  juven i l e s .  This  i s  important a s  t he  reproduct ive  por- 
t i o n  of t h e  popula t ion  would be a f f e c t e d  f i r s t  when s t r e s s e d  and t h i s  could 
mean t h a t  dea th  would occur be fo re  t h e  a d u l t s  could reproduce. The l a r g e r  
t h e  a d u l t s  grow, and t h e  longer  they l i v e ,  t h e  more young they  produce. 
Any reduct ion  i n  t h e  longev i ty  o r  growth of a d u l t s  t h e r e f o r e  would decrease  
product ion of young. 
E f f e c t  of Water Hardness i n  Modifying Toxic i ty  of Potassium Chloride. 
The e f f e c t  of 2  d i f f e r e n t  l e v e l s  of water  hardness  on t h e  response of t h e  
juven i l e  clams t o  potassium was determined (Figure 27). There was a  
s i g n i f i c a n t  d i f f e r e n c e  (p<.05) i n  t h e  response of t h e  clams t o  potassium a t  
t h e  two l e v e l s  of water  hardness  (Figure 27). Clams t e s t e d  i n  t he  s o f t e r  
water ,  t o t a l  hardness  equal  t o  243 mg/l a s  CaCO ( t e s t  J 2 ) ,  responded 3 
f a s t e r  than  clams t e s t e d  i n  t h e  harder  water ,  t o t a l  hardness  equal  t o  314 
mg/l a s  CaC03 ( t e s t  J 3 ) ,  w i th  t h e  t o x i c i t y  curve of t h e  s o f t  water  t e s t  
approaching t h e  v e r t i c a l  asymptote a t  400 hours  (Figure 27). I n  c o n t r a s t ,  
t h e  t o x i c i t y  curve of t h e  clams t e s t e d  i n  t h e  harder  water  does no t  show 
a l e t h a l  th reshold  even a t  696 hours.  
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Figure  27. Clams exposed t o  potassium i n  hard water  (314 mg/l a s  CaC03) 
d i d  no t  d i e  a s  r a p i d l y  a s  clams exposed t o  potassium i n  
so£ ter water  (243 mg/l a s  CaC03). 
E f f e c t  of Temperature i n  Modifying Tox ic i t y  of Potassium Chloride.  The 
LC50s i n  t h e  test where t h e  water  temperature  was 6.5 C were s i g n i f i c a n t l y  
g r e a t e r  (pC.05) than  i n  t h e  test  a t  16.7 C ,  wi th  t h e  except ion  of t h e  96-hour 
LC50 (F igure  28). The t o x i c i t y  curve of 16.7 C test approached t h e  v e r t i c a l  
asymptote i n  400 hours  whereas i n  t h e  6.5 C test  a  l e t h a l  t h r e sho ld  had n o t  
developed even a f t e r  648 hours  (Figure 28).  It d i d  appear t h a t  a  v e r t i c a l  









290 mg/l i t e r  
POTASS I UM CONCENTRAT I ON MG/L I TER 
Figure 28. Juven i l e  f i n g e r n a i l  clams d i ed  more r a p i d l y  i n  warm water  than  
i n  cool  water  when exposed t o  potassium c h l o r i d e ,  b u t  t h e  l e t h a l  
t h re sho lds  a t  t h e  two temperatures  were probably almost t h e  same. 
t h a t  t h e  asymptot ic  va lue  would have been c l o s e  t o  t h a t  i n  t h e  t e s t  a t  16.7 C. 
The co ld  temperature apparent ly  slowed t h e  r a t e  of uptake o r  t h e  r a t e  of 
t o x i c  a c t i o n  of potassium, --- but  d id  no t  change t h e  l e t h a l  th reshold .  This  
means t h a t  an agent  whose t o x i c  a c t i o n  was s i m i l a r  t o  t h a t  of potassium 
would k i l l  clams more slowly a t  cold water  temperatures  than a t  warm tempera- 
t u r e s ,  but  t h a t  i f  t h e  exposure were continued long enough, t he  same per- 
centage of t h e  populat ion would be k i l l e d  i n  both cases .  
Response of Clams t o  Ammonium Chloride 
I 
I 
Response of G i l l  P repara t ions .  F igure  29 shows t h a t  g i l l s  from l a r g e  
I f i n g e r n a i l  clams were more s e n s i t i v e  t o  un-ionized ammonia than g i l l s  from 
I 
smal l  clams. 
! 
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Figure  29. C i l i a r y  bea t ing  response of g i l l s  from l a r g e  and sma l l  f i n g e r n a i l  
clams t o  un-ionized a m o n i a  (expressed as NH3, ppm, o r  mg/l).  
The un-ionized a m o n i a  concent ra t ions  which induced var ious  degrees of 
i n h i b i t i o n  of t h e  c i l i a r y  a c t i v i t y  of g i l l s  from l a r g e  and smal l  clams are 
given below. The concent ra t ions  a r e  expressed a s  un-ionized ammonia n i t rogen ,  
NH N mg/l, which i s  t h e  way ammonia concent ra t ions  a r e  r epo r t ed  by the  3- 
I l l i n o i s  Environmental P ro t ec t ion  Agency. The un-ionized ammonia va lues  i n  
Figure 29 were converted t o  NH -N by mul t ip ly ing  by .824.  3 
50% reduct ion  90% reduct ion  complete 
i n  c i l i a r y  i n  c i l i a r y  i n h i b i t i o n  
bea t ing  r a t e  bea t ing  r a t e  of c i l i a  
G i l l s  from 
l a r g e  clams .03  mg/l 
G i l l s  from 
smal l  clams 
Adult f i n g e r n a i l  clams a r e  s l i g h t l y  more s e n s i t i v e  t o  un-ionized ammonia 
than  t h e  A s i a t i c  clam (Corbicula man i l ens i s ) ,  a f reshwater  unionid mussel 
( E l l i p t i o  complanata), and a marine mussel (Mytilus e d u l i s ) ,  as can be  seen 
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Figure  30. C i l i a r y  bea t ing  response of g i l l s  from t h e  A s i a t i c  clam (Corbicula  
man i l ens i s ) ,  a f reshwater  mussel ( E l l i p t i o  c o r n ~ l a n a t a ) ,  and a marine 
mussel (Mytilus e d u l i s ) ,  t o  un-ionized ammonia (expressed a s  NH3, 
ppm, o r  mg/l) .  Note . I 1  on h o r i z o n t a l  s c a l e  should be  . l o .  
The dose-response curves f o r  l a r g e  and smal l  f i n g e r n a i l  clams d i sp l ay  a  
c l a s s i c  sigmoid p a t t e r n  (Figure 29),  wh i l e  t h e  decrease  i n  t h e  c i l i a r y  response 
of t h e  A s i a t i c  clam is  s o  abrupt  between .05 and .06 mg/l NH t h a t  t h e  curve 3 
i s  almost r e c t i l i n e a r  (Figure 30).  The c i l i a r y  response of E l l i p t i o  complanata 
decreases  l i n e a r l y  w i th  inc reas ing  concen t r a t ion  of un-ionized ammonia. The 
un-ionized ammonia concent ra t ions  which produced var ious  l e v e l s  of c i l i a r y  
i n h i b i t i o n  i n  t h e  t h r e e  spec i e s ,  o t h e r  than f i n g e r n a i l  clams, a r e  given be- 
low (concent ra t ions  a r e  expressed a s  un-ionized ammonia n i t rogen ,  NH3-N, mg/l):  
50% reduct ion  90% reduct ion  complete 
i n  c i l i a r y  bea t ing  i n  c i l i a r y  bea t ing  i n h i b i t i o n  
r a t e  r a t e  of c i l i a  
E l l i p t i o  complanata .06 mg/l .09 mg/l -09-. 10 mg/l 
Myti lus  e d u l i s  .08 mg/l .09 mg/l -09-.10 mg/l 
Corbicula  mani lens is  .05 mg/l .06 mg/l .09-.10 mg/l 
fi  Figure  31 
shows t h a t  i nc reas ing  t h e  d isso lved  oxygen concent ra t ion  i n  t h e  water  above 
t h e  s a t u r a t i o n  concent ra t ion  of 9.18 mg/l,  reduces t h e  i n h i b i t o r y  a c t i o n  of 
un-ionized ammonia on t h e  c i l i a  of t h e  g i l l s .  
A t  t h e  same NH N concent ra t ion  of .07 mg/l, t h e  c i l i a r y  bea t ing  r a t e  of 3- 
g i l l s  from l a r g e  clams was ba re ly  maintained a t  t h e  h i g h e s t  oxygen concen- 
t r a t i o n  t e s t e d ,  16 mg/l (170% of s a t u r a t i o n ) ,  F igure  32. 
These r e s u l t s  i n d i c a t e  t h a t  t h e  s e n s i t i v i t y  of t h e  g i l l  p r epa ra t ions  t o  
un-ionized ammonia inc reases  a s  t h e  oxygen content  of t h e  water  decreases .  
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Figure 31. C i l i a r y  bea t ing  r a t e s  of g i l l s  from small  clams d i d  no t  decrease  
when t h e  g i l l s  were exposed t o  .07 mg/l NH3-N and oxygen concentra- 
t i o n s  of 14 mg/l o r  more (150% o r  more of t h e  oxygen s a t u r a t i o n  
concent ra t ion  of 9.18 mg/l) . 
SPHAERIUM T R A N S V E R S U M  (LARGE) 
Figure 32. The c i l i a r y  bea t ing  r a t e s  of g i l l s  from l a r g e  f i n g e r n a i l  clams 
decreased markedly when t h e  g i l l s  were exposed t o  .07 mg/l NH3-N, 
and oxygen concent ra t ions  below 12 mg/l (130% of s a t u r a t i o n ) .  Even 
a t  t h e  h ighes t  oxygen concent ra t ions  of 14 and 16 mg/l (150% and 
170% of s a t u r a t i o n )  t he  c i l i a r y  bea t ing  r a t e s  dec l ined  s l i g h t l y .  
Chronic Response of Intact Clams to Ammonium Chloride. Two chronic 
bioassays were conducted with ammonia (Figures 33-36). In chronic bioassay NH 2 3 
significant mortalities occurred in the upper 2 ammonia concentrations, 
0.59 and 0.93 mg/l undissociated NH N,  after 42 days of continuous exposure 3- 
to ammonia (Figure 33). This results in a maximum acceptable toxicant con- 
centration (MATC),based on mortality, between 0.35 and 0.59 ng/l un-ionized 
NH N. Growth data from the test concentrations where there was not a 3- 
significant difference in mortality indicate that there was no effect on the 
100 7 
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4- J 
= CONTROL O.Ol(0.004-0.01) 1 1 
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Figure 33. Un-ionized ammonia concentrations of .93 and .59 mg/l (as NH3-N) 
caused significant (pC.05) mortality among fingernail clams after 
42 days of exposure. All points within the same box are not 
significantly different (pC.05). 
growth, e.g. growth was n o t  reduced below t h a t  of t h e  c o n t r o l  (Figure 34).  
However, growth was no t  good during t h e  experiments wi th  a  maximum growth 
of only 0.5 mm i n  42 days. It was suspected t h a t  t h e  slow growth was due 
t o  t h e  smal l  s i z e  of clams t h a t  were used a t  t h e  i n i t i a t i o n  of t h e  experi-  
ment (2.1-2.3 mm) and t h e  p o s s i b i l i t y  t .hat t h e  clams were born i n  t h e  
l abo ra to ry  under s t r e s s  condi t ions .  Subsequent work showed t h a t  us lng  
clams t h a t  averaged 2.5 mrn o r  g r e a t e r  i n  l eng th  r e s u l t e d  i n  b e t t e r  growth. 
NH3-N ( m g l l )  
= 0.20(0.11-0.27) 
7 = O.lO(O.05-0.13) 
= CONTROL O.Ol(0.004-0.01) 
= 0.35(0.17-0.49) 
= 0.59(0.34-0.82) 
DAYS OF EXPOSURE I 
Figure 34. Resu l t s  of chronic bioassay NH 2. Un-ionized ammonia concent ra t ions  3 
of 0.10 and 0.20 mg/l a c t u a l l y  s t imula ted  t h e  growth of f i n g e r n a i l  
clams, presumably by s t imu la t ing  t h e  growth of b a c t e r i a  upon which 
I 
t h e  clams feed.  Growth a t  a l l  o t h e r  concent ra t ions  was not  s ig -  I 
n i f i c a n t l y  d i f f e r e n t  (p<. 05) from t h a t  i n  t he  con t ro l .  i 
A second ammonia chronic bioassay, NH 3, was conducted in an attempt to 3 
obtain adequate growth data to estlmate the MATC for growth. The upper con- 
centration of un-ionized ammonia (1.20 mg/l NH -N) caused significant mor- 3 
tality after 14 days of exposure, and the next highest concentration (0.60 mg/l 
NH3-N) caused significant mortality after 42 days (Figure 35). Thus the 
MATC, based on mortality, lies between 0.34 and 0.60 mg/l un-ionized ammonia 
(MI3-N). These results confirmed the results obtained in test NH32. 
2 6 10  14  18  22 26 30 34 38 42 
DAYS OF EXPOSURE 
Figure 35. An un-ionized ammonia concentration of 1.20 mg/l caused 
significant (p<.05) mortality among fingernail clams after 
14 days of exposure, and a concentration of 0.60 mg/l caused 
significant mortality after 42 days. Mortalities at the other 
concentrations were not significantly different from controls. 
Clams i n  un-ionized ammonia concent ra t ions  where s i g n i f i c a n t  mor t a l i t y  
occurred were no t  used t o  determine e f f e c t s  of ammonia on growth, because 
t h e  sample might become biased i f  t h e  d i f f e r e n t  s i z e  c l a s s e s  of clams d i f -  
f e red  i n  t h e i r  s u s c e p t i b i l i t y  t o  ammonia. For example, t h e  experiments with 
t h e  g i l l  p repa ra t ions  demonstrated t h a t  g i l l s  from l a r g e  clams were more 
s e n s i t i v e  t o  ammonia than  g i l l s  from sma l l  clams. I f  l a r g e  clams a r e  more 
r e a d i l y  k i l l e d  by ammonia than small  clams, then t h e  average s i z e  of clams 
i n  l e t h a l  concent ra t ions  of ammonia would diminish during the  course of an 
- = O.lO(O.07-0.14 
= 0.20(0.14-0.27) 
3,8 "Ol = CONTROL 0.60(0.43-0.74) O.Ol(0.003-0.01) 
DAYS OF EXPOSURE 
Figure 36. Un-ionized ammonia concent ra t ions  of 0.34 and 0.60 mg/l (NH -N) 3 
s i g n i f i c a n t l y  (p<.05) reduced t h e  growth of f i n g e r n a i l  clams a f t e r  
14 days of exposure. Growth of clams was s i g n i f i c a n t l y  enhanced 
a t  lower concent ra t ions  probably due t o  increased growth of 
b a c t e r i a  upon which t h e  clams feed.  A l l  d a t a  p o i n t s  w i th in  t h e  
same box a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  (p<.05).  
experiment,  i n  comparison t o  clams i n  s u b l e t h a l  concent ra t ions ,  bu t  t h e  e f f e c t  
would be a t t r i b u t a b l e  t o  s i z e - s e l e c t i v e  m o r t a l i t y ,  r a t h e r  than  t o  a d i r e c t  
e f f e c t  of ammonia on growth. 
F igure  36 shows t h a t  un-ionized ammonia concent ra t ions  of 0.34 and 0.60 
mg/l (NH -N) s i g n i f i c a n t l y  (p<.05) reduced t h e  growth of f i n g e r n a i l  clams 3 
a f t e r  14 days of exposure. The MATC,based on growth, l i e s  between 0,20 and 
0.34 mg/l un-ionized ammonia (NH3-N). 
The r e s u l t s  of t h e  chronic  b ioassays  wi th  ammonia a r e  summarized below: 
Test  No. MATC based on m o r t a l i t y  MATC based on growth 
E f f e c t  of Sub le tha l  Exposure t o  Ammonium Chloride on Subsequent Response 
t o  S t r e s s .  F i n g e r n a i l  clams which had been exposed f o r  44 days t o  w e l l  water  
conta in ing  no added ammonia o r  t o  s u b l e t h a l  concent ra t ions  of 0.10 and 0.20 
mg/l un-ionized ammonia i n  test NH 3 were de l ive red  t o  Southern I l l i n o i s  3 
Un ive r s i t y  f o r  t e s t i n g  i n  t h e  c i l i a  monitoring appara tus .  They were he ld  
f o r  one week i n  a c u l t u r e  tank conta in ing  no added ammonia be fo re  t h e i r  g i l l s  
were removed and t e s t e d .  
Figure 37 shows t h a t  chronic  exposure of clams t o  s u b l e t h a l  concent ra t ions  
of ammonia a l t e r s  t h e  response of t h e i r  g i l l s  t o  potassium. The c i l i a r y  
bea t ing  r a t e  of g i l l s  from clams previous ly  exposed t o  0 .1  mg/l NH -N was sub- 3 
- 5 
sequent ly  s t imula ted  a t  potassium concent ra t ions  of t o  10 M (3.9-. 39 mgll)  , 
whereas g i l l s  from clams no t  exposed t o  ammonia showed maximum s t imu la t ion  
- 5 
a t  potassium concent ra t ions  ranging from 10 t o  10-lo M (.39-.0000039 mg/l).  
The maximum c i l i a r y  bea t ing  r a t e  of t h e  g i l l s  exposed t o  0 .1  mg/l NH -N was 3 
only 15, whereas t h e  maximum was 28 f o r  t h e  unexposed group. Previous exposure 
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Figure 37. The c i l i a r y  bea t ing  response t o  potassium of g i l l s  from clams 
previous ly  exposed f o r  44 days t o  s u b l e t h a l  NH N concent ra t ions  3- 
of 0.1 and 0.2 mg/l was markedly a l t e r e d  i n  comparison t o  the  
response of g i l l s  from clams no t  previously exposed t o  ammonia. 
t o  0.2 mg/l NH N completely blocked t h e  s t i rnulatory response t o  potassium 3- 
add i t ion .  I n  f a c t ,  t h e  c i l i a r y  bea t ing  r a t e  was s l i g h t l y  t o  markedly in- 
h i b i t e d  a t  a l l  potassium concent ra t ions .  
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Figure 38. When clams are exposed to sublethal concentrations of un-ionized 
ammonia(O.1and 0.2 mg/l NH -N) for 44 days, their gills are 
sensitized to subsequent additions of ammonia. 
Figure 38 shows that the gills of the clams are sensitized to ammonia 
by previous exposure to sublethal concentrations of ammonia. A 50% reduction 
in the ciliary beating rate occurs at an un-ionized ammonia concentration 
of .09 mg/l (NH N) in control gills not previously exposed to ammonia, at 3- 
.04 mg/l in gills previously exposed to 0.1 mg/l NH3-N, and at .O1 to .02 
mg/l in gills previously exposed to 0.2 mg/l NH3-N. 
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Figure 39.  Previous exposure of clams t o  s u b l e t h a l  concen t r a t ions  of 
un-ionized ammonia reduces t h e  maximum c i l i a r y  response of 
t h e i r  g i l l s  t o  temperature and a l s o  reduces the  temperature 
range i n  which normal c i l i a r y  a c t i v i t y  can be maintained. 
Figure 39 shows t h a t  p r i o r  exposure t o  ammonia reduces both t h e  maximum 
c i l i a r y  response t o  temperature and t h e  temperature t o l e r a n c e  range. While 
previous exposure t o  0.1 mg/l NH N has  a r a t h e r  sma l l ,  bu t  d e t e c t a b l e  3- 
e f f e c t  on t h e  temperature response,  p rev ious  exposure t o  0.2 mg/l has  a 
dramatic  e f f e c t .  
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Figure  40. Previous exposure of f i n g e r n a i l  clams t o  s u b l e t h a l  concent ra t ions  
of un-ionized ammonia reduces t h e  a b i l i t y  of t h e  g i l l s  t o  
i nc rease  t h e i r  c i l i a r y  bea t ing  r a t e  i n  response t o  i nc reas ing  
concent ra t ions  of oxygen. 
F igure  40 shows t h a t  previous exposure of f i n g e r n a i l  clams t o  
s u b l e t h a l  concent ra t ions  of un-ionized ammonia reduces t h e  a b i l i t y  of t h e  
g i l l s  t o  i nc rease  t h e i r  c i l i a r y  bea t ing  r a t e  i n  response t o  i nc reas ing  
concent ra t ions  of oxygen and Figure  41 shows t h a t  decreasing concent ra t ions  
of oxygen have a  g r e a t e r  i n h i b i t o r y  e f f e c t  on t h e  ammonia-exposed g i l l s  
than on t h e  g i l l s  n o t  exposed t o  ammonia. 
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Figure 41. Low oxygen concentrations cause greater inhibition of ciliary 
beating rates on gills from clams previously exposed to 
sublethal concentrations of ammonia than on gills from clams 
not exposed to ammonia. 
Relative Sensitivity of Fingernail Clams and Other Aquatic Organlsms to 
Ammonia. The results of the chronic ammonia bioassay indicate that - M. trans- 
versum is sensitive to un-ionized ammonia. Data from ammonia bioassay NH 2 3 
demonstrated a MATC for survival between 0.35 and 0.59 mg/l un-ionized 
NH3-N. Data from ammonia bioassay NH 3 demonstrated a MATC for survival be- 3 
tween 0.34 and 0.60 mg/l un-ionized NH -N and a MATC for growth between 3 
0.20-0.34 mg/l un-ionized NH3-N. The sensitivity of - M. transversum to 
ammonia is similar to the sensitivity of rainbow trout with concentrations 
between 0.4 and 1.8 mg/l un-ionized ammonia repor ted  t o  be  l e t h a l  t o  rainbow 
t r o u t  depending on t h e  f r e e  CO and d isso lved  oxygen concent ra t ions  (Merkens 
2 
and Downing, 1957, Lloyd and Herbert ,  1960). The b l u e g i l l  sun f i sh ,  Lepomis 
macrochirus,  a warm-water spec ie s ,  is  more t o l e r a n t  of ammonia than M. 
transversurn wi th  t h e  l e t h a l  threshold  repor ted  a s  1.65 mg/l un-ionized NH3 
(1.36 mg/l NH3-N) (Lubinski,  Sparks, and Jahn, 1974). The only usable  
ammonia d a t a  f o r  an i n v e r t e b r a t e  spec ie s  t h a t  could be  found i n  t h e  l i t e r a -  
t u r e  was a 2-day LC50 of 0.66 mg/l un-ionized NH (0.54 mg/l NH3-N) f o r  3 
Daphnia magna (European Inland F i s h e r i e s  Advisory Commission, 19 70) . 
Although no d a t a  a r e  a v a i l a b l e  y e t ,  i t  is  probable t h a t  t h e  reproduct ion 
of t h e  f i n g e r n a i l  clam could be a f f e c t e d  a t  un-ionized ammonia concent ra t ions  
below 0.20-0.34 mg/l (NH3-N). The c i l i a r y  response of g i l l s  from l a r g e  clams 
is markedly a f f e c t e d  a t  concent ra t ions  of .03  mg/l NH3-N. The c i l i a r y  bea t ing  
response of a d u l t  f i n g e r n a i l  clams is s l i g h t l y  more s e n s i t i v e  t o  un-ionized 
ammonia than t h a t  of t h e  A s i a t i c  clam (Corbicula mani lens is ) ,  a f reshwater  
unionid mussel ( E l l i p t i o  complanata) , and a marine mussel ( ~ y t i l u s  e d u l i s )  , 
a s  can be seen  by comparing Figures 29 and 30. Chronic exposure of clams t o  
s u b l e t h a l  concent ra t ions  of ammonia lowers t h e  to l e rance  of t h e  g i l l s  t o  a 
v a r i e t y  of s t r e s s e s ,  inc luding  a d d i t i o n a l  exposure t o  ammonia (see  d iscuss ion  
i n  t h e  above s e c t i o n ) .  
Rela t ionship  between Ammonia Levels i n  t h e  I l l i n o i s  and Miss i s s ipp i  Rivers 
and Ammonia Levels Which Affected F inge rna i l  Clams i n  Laboratory Experiments. 
The t o t a l  NH N concent ra t ions  i n  t h e  I l l i n o i s  and Miss i s s ipp i  Rivers  i n  1975 3- 
(Tables 2-4) were converted t o  un-ionized ammonia concent ra t ions  (NH -N, mg/l) 3 
us ing  t a b l e s  provided by Thurston e t  a l .  (1974: 9-15), and mean o r  median pH 
and temperature va lues  repor ted  by t h e  I l l i n o i s  Environmental P ro tec t ion  Agency 
(1975, Volume 4: 425; Volume 2: 92-93, 103, 104). The median pH and temperature  
were used t o  conver t  t h e  median ammonia concen t r a t i ons  (Table 2 ) ,  whi le  t h e  
mean pH and temperature  were used t o  conver t  bo th  t h e  mean and t h e  maximum 
ammonia concen t r a t i ons  (Tables 3  and 4 ) .  The un-ionized ammonia n i t r o g e n  
concen t r a t i ons  (NH N,  mg/l) occur r ing  i n  1975 a r e  given below: 3- 
M i s s i s s i p p i  River I l l i n o i s  River  
R t .  9  Bridge R t .  150 Bridge Lock and Dam R t .  9  Bridge R t .  97 Bridge 
F t .  Madison, I A  Peor ia , IL  Creve Coeur, IL  Pekin,  IL Havana, IL 
M i l e  383.9 M i l e  165.8 M i l e  157.7 M i l e  152.9 M i l e  119.5 
Median .005 .021 .012 .031 .012 
Mean ,010 .027 .021 .027 .018 
Maximum .058 . I25 .074 ,098 .048 
Although i t  would be  b e t t e r  t o  conver t  t h e  t o t a l  ammonia concen t r a t i ons  t o  
un-ionized ammonia concen t r a t i ons  us ing  t h e  pH and temperatures  a c t u a l l y  oc- 
c u r r i n g  a t  t h e  t i m e  t h e  ammonia samples were taken,  r a t h e r  t han  mean or  
median pH and tempera tures ,  t h e  r e s u l t s  do i n d i c a t e  t h a t  t h e  concen t r a t i ons  
of un-ionized ammonia i n  t h e  I l l i n o i s  River  i n  1975 were approximately twice  
t h e  concen t r a t i ons  i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  River .  Moreover, t h e  mean 
and median concen t r a t i ons  a t  t h e  f o u r  I l l i n o i s  River  s t a t i o n s w h e r e  f i n g e r n a i l  
clams have d ied  ou t  were c l o s e  t o  t h e  v a l u e  of .03  mg/l which caused a  50% 
reduc t ion  i n  t h e  c i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  f i n g e r n a i l  clams. 
Recent ly ,  Thompson and Sparks (1977) r epo r t ed  an alarming dec rease  i n  
t h e  f i n g e r n a i l  clam popula t ions  i n  t h e  Keokuk Pool,  M i s s i s s i p p i  River 
(F igure  42) .  
Not on ly  d i d  t h e  number of clams d e c l i n e ,  bu t  t h e  growth of t h e  sur -  
v ivo r s  was reduced (Figure 43).  I n  1976, t h e  maximum s h e l l  l eng th  was only 
NUMBER OF FINGERNAIL CLAMS PER M* I N  KEOKUK POOL, 
M I S S I S S I P P I  RIVER, RIVER M I L E  376,5,  1 9 7 3 - 1 9 7 7 ,  
SHADED AREAS INDICATE PERIODS OF D I V I N G  DUCK 




. Figure  42. The peak number of f i n g e r n a i l  clams i n  bottom samples from 
Keokuk Pool,  Mis s i s s ipp i  River  dec l ined  by 90% i n  1976-1977. 
I j 8 . 3  mm a s  compared t o  12.4 mm i n  both 1974 and 1975. F inge rna i l  clams 
I begin t o  reproduce when they reach about 5 mm i n  s h e l l  l eng th  
(Gale, 1969). 
I 
I I n  1974 and 1975, t h e  reproduct ive  popula t ion  numbered 5,000-6,000 clams 
I per  square meter.  I n  1976, t h e  reproduct ive  populat ion was reduced t o  
I 
l e s s  than  1,000 p e r  square meter.  
FINGERNAIL CLAM S I Z E  CLASS 
DISTRIBUTION I N  NOVEMBER 
OF 1974, 1975,  AND 1 9 7 6  
I N  KEOKUK POOL, MISS,  RIVER 
1 0 0  , 
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F i g u r e  43. The growth o f  f i n g e r n a i l  clams i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  
R i v e r ,  was reduced i n  1976. I n  1976 t h e  maximum i n d i v i d u a l  
s h e l l  l e n g t h  was on ly  8 . 3  a s  compared t o  12.4 i n  b o t h  1974 
and 1975. 
M I S S I S S I P P I  RIVER DISCHARGE (M~ /SECOND)  
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Figure  44. M i s s i s s i p p i  River d i s cha rge  a t  Keokuk, Iowa, showing t h e  e f f e c t s  
of t h e  1976-1977 drought.  
Both t h e  low clam popula t ion  and reduced growth Thompson and Sparks ob- 
se rved  i n  1976 and 1977 appeared t o  be  r e l a t e d  t o  an extremely low r i v e r  d i s -  
charge a s  a  consequence of a  drought  i n  t h e  upper M i s s i s s i p p i  Basin. I n  
F igu re  44, t h e  M i s s i s s i p p i  d i scharge  a t  Keokuk, Iowa is  graphed. The graph 
shows t h e  u s u a l  c y c l e  of s p r i n g  h ighs  and summer lows. However, t h e  low d i s -  
charge  per iod  i n  1976 and s p r i n g  d i scha rge  i n  1977 were much reduced from those  
of p rev ious  years .  During t h i s  low d i scha rge  pe r iod ,  Thompson and  Sparks found 
e f f e c t s  on c e r t a i n  water  parameters  such a s  lower d i s so lved  oxygen concentra- 
t i o n s ,  d i s so lved  oxygen s t r a t i f i c a t i o n ,  i nc reased  water  c l a r i t y ,  and t h e  
e l e v a t i o n  i n  concen t r a t i ons  of c e r t a i n  m a t e r i a l s  such a s  un-ionized ammonia 
( N H 3 - ~ ) .  
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Figure 45. The concent ra t ion  of un-ionized ammonia (NH3-N) i n  t h e  Keokuk 
Pool ,  M i s s i s s i p p i  River ,  w a s  g r e a t e r  i n  1976 than i n  1973. 
F igure  45 compares t h e  weekly maximum concent ra t ions  f o r  un-ionized 
ammonia f o r  t h e  low d ischarge  per iod  July-December i n  1973 and 1976. We 
found t h a t  dur ing  t h e  1976 per iod  t h a t  t h e s e  va lues  were e l eva t ed  w e l l  above 
t h e  1973 concen t r a t ions .  The h ighes t  va lue  of 0.198 mg/l NH3-N is very 
nea r  t h e  l e v e l  of 0.34 mg/l which a f f e c t e d  t h e  growth of f i n g e r n a i l  clams i n  
our  l abo ra to ry  bioassays a f t e r  two weeks of continuous exposure,  and t h e  
average va lues  of .02 t o  .03  mg/l were c l o s e  t o ,  o r  w i t h i n  t h e  range which 
caused a  50% reduct ion  i n  t h e  c i l i a r y  bea t ing  r a t e  of g i l l s  from l a r g e  clams. 
Our r e s u l t s  w i t h  t h e  g i l l  p r epa ra t ions  show t h a t  they  become more sen- 
s i t i v e  t o  low oxygen l e v e l s  and ammonia, fol lowing chronic  exposure t o  
un-ionized ammonia concent ra t ions  of 0.10 o r  0.20 m g / l .  S ince t h e  d isso lved  
oxygen l e v e l s  on t h e  bottom i n  Keokuk Pool were reduced during the  drought,  
and tox ican t s ,  such a s  heavy meta ls ,  were presumably not  d i l u t e d  a s  much i n  
1976-1977 a s  i n  previous yea r s ,  one can specu la t e  t h a t  t h e  combined a c t i o n  
of a l l  t h e s e  f a c t o r s  was s u f f i c i e n t  t o  s t r e s s  t h e  f i n g e r n a i l  clams i n  Keokuk 
Pool. Our r e s u l t s  a l s o  showed t h a t  a s  t h e  f i n g e r n a i l  clams grow, they 
become l e s s  t o l e r a n t  of extremes i n  environmental f a c t o r s  such a s  tempera- 
t u r e  and low disso lved  oxygen, and l e s s  t o l e r a n t  of t ox ican t s .  
We specu la t e  t h a t  i n  1976-1977, t h e  f i n g e r n a i l  clams i n  Keokuk Pool grew 
up t o  t h e  po in t  where t h e i r  c i l i a r y  a c t i v i t y  was impaired by environmental 
f a c t o r s .  A t  t h a t  po in t ,  t h e i r  a b i l i t y  t o  feed and r e s p i r e  would be impaired, 
and they would grow slowly, i f  a t  a l l .  Since t h e  clams must reach a  s i z e  of 
approximately 5 mm t o  reproduce, and t h e  number of young produced inc reases  
a s  t h e  s i z e  of t h e  parent  i nc reases ,  t h e  severe  reduct ion  i n  growth a l s o  
caused a  seve re  reduct ion  i n  reproduct ion,  hence reduced numbers of clams i n  
1976-1977. This  i n t e r p r e t a t i o n  could be confirmed by reproducing t h e  1976- 
1977 condi t ions  i n  t h e  labora tory ,  and observing t h e  e f f e c t  on clam growth 
and reproduct  ion. 
Response of Clams t o  Suspended P a r t i c l e s  
Table 6 shows t h a t  t h e  p a r t i c l e  t r a n s p o r t  r a t e  of g i l l s  from l a r g e  
clams was more s e n s i t i v e  t o  suspended p a r t i c l e s  than t h e  t r a n s p o r t  r a t e  of 
g i l l s  from small clams. Table 6 a l s o  shows t h a t  i n  s o l u t i o n s  conta in ing  
equal  numbers of p a r t i c l e s  pe r  l i t e r ,  sharp s i l i c a  p a r t i c l e s  impaired the  
t r a n s p o r t  r a t e  more than rounded i l l i t e  c l a y  p a r t i c l e s .  The 
t r a n s p o r t  r a t e  was reduced more a t  low concent ra t ions  of oxygen when t h e  
p a r t i c l e  concent ra t ion  was increased.  The p a r t i c l e  concent ra t ions  (number 
82 
Table 6  . E f f e c t  of Oxygen Tension and Suspended P a r t i c l e s  on t h e  Average Rate 
of Transport  of P a r t i c l e s  on t h e  G i l l s  of Musculium t r a n ~ v e r s u m . ~  
P a r t i c l e s  
Per L i t e r  
lo1 
(cont r o  1 )  
5 x 1 0 ~  
lo1 
( con t ro l )  
A v e r a g e  R a t e  o f  T r a n s p o r t  ( u m / s e c . - l )  
S m a l l  Clams L a r g e  C lams  
I l l i t e  Clay P a r t i c l e s  (Mean s i z e  = 2.8pm,  s t anda rd  dev ia t ion  = 0.9 pm) 
S i l i c a  F lour  P a r t i c l e s  (Mean s i z e  = 3 . 3  pm, s tandard  d e v i a t i o n  = 0.4 pm) 
a ~ a c h  po in t  r e p r e s e n t s  an average of 14 g i l l s  and 12 readings  p e r  g i l l ,  o r  
a  t o t a l  of 168 observa t ions .  
b ~ e a n  - + s tandard  dev ia t ion .  
pe r  l i t e r )  which caused a t  l e a s t  a 50% reduc t ion  i n  t h e  p a r t i c l e  t r a n s p o r t  r a t e s  
---- 
of g i l l s  from l a r g e  and smal l  clams a t  va r ious  oxygen concen t r a t ions ,  a r e  given 
below. The weight of  suspended ma t t e r  pe r  l i te r ,  i n  mg/l, is a l s o  given. 
Where one concent ra t ion  caused less than  a 50% reduct ion  and t h e  next  h igher  
concent ra t ion  caused more than a 50% reduct ion ,  a range i s  given t o  i n d i c a t e  
t h a t  t h e  concent ra t ion  having a 50% e f f e c t  l a y  between t h e  two concent ra t ions  
which were t e s t e d .  The numbers of p a r t i c l e s  pe r  l i t e r  were converted t o  
6 
mi l l ig rams p e r  l i t e r  us ing  t h e  fol lowing r e l a t i o n s h i p s :  2 .3  x 10 i l l i t e  
6 p a r t i c l e s  p e r  l i t e r  weighed 233.8 mg/l,  and 3.6 x 10 s i l i c a  p a r t i c l e s  pe r  
l i t e r  weighed 138.2 mg/l. 
Concentrat ions of  Suspended P a r t i c l e s ,  o r  Concentrat ion Ranges, Causing A t  Least  
a 50% Reduction i n  P a r t i c l e  Transport  Rates  of Clam G i l l s  
I l l i t e  Clay P a r t i c l e s  
D.O. ,  mgl l  Small Clams Large C l a m s  
7 lo6 - 10 p a r t i c l e s l l  
102 - 1,016 mg/l 
5 10 p a r t i c l e s 1 1  
10.2 mgll 
3 lo2  - 10 p a r t i c l e s l l  
.01-. 10 mgll  
2 ' 5 x 10' - 10 p a r t i c l e s 1 1  
.005 - . O 1  mgll  
S i l i c a  F lour  P a r t i c l e s  
4 10 p a r t i c l e s 1 1  1 5 x 10 p a r t i c l e s / l  
.384 mg/l .002 mg/l 
1 10' - 5 x 10 p a r t i c l e s l l  1 5 x 10 p a r t i c l e s 1 1  
.0004 - .002 mg/l .002 mg/l 
1 5 x 10 p a r t i c l e s 1 1  1 10' - 5 x 10 p a r t i c l e s 1 1  
.002 mg/l .0004 - .002 mg/l 
Tota l  suspended s o l i d s  (TSS) was measured by t h e  I l l i n o i s  Environmental 
P ro tec t ion  Agency j u s t  once i n  1975 a t  one of t h e  four  sampling s t a t i o n s  i n  
t h e  reach of t h e  I l l i n o i s  River where t h e  f i n g e r n a i l  clams d ied  out ,  and TSS 
was no t  measured a t  a l l  a t  t h e  s t a t i o n  on t h e  Keokuk Pool, Miss i s s ipp i  River. 
The one TSS va lue  f o r  t h e  I l l i n o i s  River a t  t h e  U.S. 150 b r idge  a t  Peor ia  was 
700 mg/l. The suspended sediment i n  t h e  I l l i n o i s  River probably i s  comprised 
l a r g e l y  of i l l i t e  c l ay ,  and 700 mg/l thus  would be s u f f i c i e n t  t o  reduce t h e  
p a r t i c l e  t r a n s p o r t  r a t e o f  g i l l s  from smal l  clams by a t  l e a s t  50%, even i f  t h e  
oxygen l e v e l s  i n  t h e  water  were a t  s a t u r a t i o n  o r  above. I f  t h e  oxygen l e v e l s  
i n  t h e  water  were lower, t h e  reduct ion  i n  p a r t i c l e  t r a n s p o r t  r a t e s  should be even 
g r e a t e r ,  and g i l l s  from l a r g e  clams would s u f f e r  even g r e a t e r  t r a n s p o r t  i n h i b i t i o n  
than g i l l s  from smal l  clams. 
Response of Clams t o  Raw I l l i n o i s  River Water 
Response of G i l l  P repara t ions .  Figure 46 shows t h a t  t h e  bea t ing  of 
c i l i a  on t h e  g i l l s  of smal l  f i n g e r n a i l  clams was almost completely i n h i b i t e d  
. 
when t h e  g i l l s  were exposed t o  water  taken from t h e  I l l i n o i s  River on 
October 5 ,  1977. Normal c i l i a r y  a c t i v i t y  was maintained when clam g i l l s  
were exposed t o  water taken from a  shal low, sand-point w e l l  loca ted  
100 f e e t  from t h e  I l l i n o i s  River.  P a r t i a l  i n h i b i t i o n  of t he  c i l l a  
occurred when t h e  r i v e r  water was d i l u t e d  wi th  t h e  w e l l  water.  No a d d i t i o n a l  
e f f e c t  on t h e  c i l i a  was observed a f t e r  t h e  d i l u t e d  water had been s t o r e d  i n  
a  metal  r e s e r v o i r ,  coated wi th  aluminum p a i n t ,  f o r  s e v e r a l  days. 
MUSCULI IJM TRANSVERSUM (SMALL) 
To = 18°C 
pH = 7.5 






Figu re  46. The c i l i a r y  a c t i v i t y  of g i l l s  from s m a l l  f i n g e r n a i l  clams 
was a lmost  complete ly  i n h i b i t e d  when t h e  g i l l s  were exposed 
t o  wa t e r  t aken  from t h e  I l l i n o i s  River .  Normal c i l i a r y  
a c t i v i t y  was main ta ined  i n  w e l l  wa te r .  An i n t e r m e d i a t e  
response  occur red  i n  r i v e r  wa t e r  d i l u t e d  w i t h  w e l l  wa t e r  
and no a d d i t i o n a l  e f f e c t  on t h e  g i l l s  was ob t a ined  a f t e r  
t h e  d i l u t e d  wa t e r  was s t o r e d  s e v e r a l  days  i n  an  aluminum- 
p a i n t e d  s t e e l  r e s e r v o i r .  
Figure 47. The whi te  arrows show 
t h e  curved s h e l l s  which 
developed when t h e  clams 
were exposed t o  I l l i n o i s  
River water  which had 
been contaminated wi th  
metals .  The s h e l l s  were 
curved back t o  such an 
e x t e n t  t h a t  t h e  clam could 
not  completely c lo se  them. 
A l l  t h e  clams wi th  de- 
formed s h e l l s  even tua l ly  
d ied .  
Chronic Response of Clams t o  Raw I l l i n o i s  River Water. On September 7, 
1977 f i n g e r n a i l  clams were c o l l e c t e d  from t h e  Keokuk Pool and de l ive red  t o  
t h e  l a b o r a t o r y  a t  Havana, where they  were accl imated t o  w e l l  wa te r  f o r  one 
month. S t a r t i n g  October 12, 1977 t h e  clams were exposed t o  continuous flows 
of raw I l l i n o i s  River  water ,  w e l l  water ,  o r  t o  r i v e r  water  d i l u t e d  wi th  w e l l  
water .  During t h e  nex t  f o u r  weeks, t h e  clams developed s h e l l  de fo rmi t i e s  
(F igure  47) and d ied  without  reproducing,  w i th  t h e  g r e a t e s t  m o r t a l i t y  and 
h ighes t  inc idence  of s h e l l  de fo rmi t i e s  appearing i n  t e s t  chambers conta in ing  
t h e  most r i v e r  water .  
Unfortunately,  subsequent a n a l y s i s  of t h e  r i v e r  water  revea led  t h a t  t h e  
water  had become contaminated wi th  me ta l s  whi le  i t  was being pumped from t h e  
r i v e r  i n t o  t h e  t e s t  chambers. The metal  conten t  of t h e  water  i n  t h e  r i v e r ,  
and of t h e  same ba t ch  of water a f t e r  i t  had been pumped through t h e  r e s e r v o i r s  
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It i s  apparent  t h a t  t h e  s h e l l  de fo rmi t i e s  and m o r t a l i t i e s  cannot be 
a t t r i b u t e d  t o  t h e  I l l i n o i s  River water ,  and t h a t  t h i s  experiment should be  
repea ted  a f t e r  t h e  meta l  p a r t s  i n  t h e  i n t a k e  system a r e  rep laced  wi th  p l a s t f c  
f i t t i n g s .  
Analysis  of S h e l l s  from Deformed Clams. The deformed s h e l l s  from clams 
which had been exposed t o  raw I l l i n o i s  River  water  were s e n t  t o  D r .  J u d i t h  
Murphy, D i rec to r  of t h e  Center f o r  E lec t ron  Microscopy a t  Southern I l l i n o i s  
Un ive r s i t y  f o r  e lemental  a n a l y s i s  us ing  an X-ray microprobe. A s  expected,  
t h e  p r i n c i p a l  component of t h e  s h e l l  i s  calcium i n  t h e  s h e l l  l a y e r s  which 
were l a i d  down when t h e  clams were s t i l l  i n  t h e  Miss i s s ipp i  River.  Af t e r  
t h e  clams were introduced t o  t h e  contaminated r i v e r  water ,  however, t h e  
propor t ion  of  calcium dropped and s i l i c o n  became t h e  predominant element. 
The phosphorus and s u l f u r  l e v e l s  were a l s o  somewhat e l eva t ed  i n  t h e  deformed 
a r e a s .  The microprobe technique does n o t  measure t h e  a b s o l u t e  amount of each 
element p re sen t ,  bu t  t h e  r e l a t i v e  amount. A t  any r a t e ,  i t  is c l e a r  t h a t  t h e  
ca lc ium/s i l icon  r a t i o  i n  t h e  normal p a r t  of t hese  s h e l l s  i s  almost t h e  re- 
v e r s e  of t h a t  i n  t h e  abnormal p a r t .  It appears  t h a t  some contaminant i n  
t h e  r i v e r  water  i n t e r f e r e d  wi th  normal calcium metabolism dur ing  s h e l l  
formation. 
SUMMARY 
1. Two methods f o r  r a p i d l y  a s s e s s i n g  water  q u a l i t y  e f f e c t s  on clams 
were used i n  t h i s  s tudy.  One method, which measures p a r t i c l e  t r a n s p o r t  
r a t e  ac ros s  t h e  g i l l s  of clams, had been used previous ly  i n  b a s i c  research  
on t h e  func t ion  of t h e  clam g i l l .  The second method, which measures t h e  
bea t ing  r a t e  of t h e  l a t e r a l  c i l i a  on t h e  g i l l ,  had been used t o  t e s t  t h e  
e f f e c t s  of drugs on c i l i a r y  a c t i v i t y .  New methods and equipment f o r  
measuring t h e  c i l i a r y  a c t i v i t y  of clams a s  smal l  a s  2  mrn i n  s h e l l  l eng th  
were developed a s  p a r t  of t h i s  research .  
2. The r e sea rch  a l s o  developed c u l t u r e  techniques and chronic  and 
a c u t e  b ioassay  methods f o r  use wi th  t h e  f i n g e r n a i l  clam, Musculium t r ans -  
versurn, which d ied  out  i n  t h e  I l l i n o i s  River  i n  t h e  mid-1950's and which 
underwent a  popula t ion  dec l ine  i n  t h e  Keokuk Pool,  Mis s i s s ipp i  River ,  i n  
1976-77. Following t h e  die-off  of f i n g e r n a i l  clams, t h e  number of d iv ing  
ducks u t i l i z i n g  t h e  I l l i n o i s  v a l l e y  dec l ined  from an average of 1% mi l l i on  
t o  160,000, and t h e  abundance and average s i z e  of commercially important  
spec i e s  of f i s h  dec l ined .  Resu l t s  of bo th  t h e  rap id  t e s t i n g  methods and 
t h e  chronic  and acu te  b ioassays  showed t h a t  t h e  f i n g e r n a i l  clams become 
more s e n s i t i v e  t o  t o x i c a n t s  and l e s s  t o l e r a n t  of extremes i n  environmental 
f a c t o r s  a s  they grow o l d e r  and l a r g e r .  This  means t h a t  i t  is  t h e  o l d e r ,  
reproduct ive  po r t ion  of t h e  populat ion which i s  most s e n s i t i v e  t o  environ- 
mental f a c t o r s .  
3.  The c i l i a r y  bea t ing  r a t e s  of g i l l s  from two sphaeriacean clams 
(Musculium transversurn and Corbicula  mani lens is )  and t h e  unre la ted  i n t e r t i d a l  
mussel (Mytilus e d u l i s )  were no t i ceab ly  i n h i b i t e d  by l i g h t  w i t h i n  1 t o  2% hours 
of exposure. Maximum i n h i b i t i o n  occurred a f t e r  2 t o  6 hours  exposure. When 
t h e  g i l l  p r epa ra t ions  were r e tu rned  t o  darkness ,  t h e  c i l i a r y  bea t ing  r a t e s  
re turned  t o  normal a f t e r  2 t o  4 hours ,  w i th  t h e  except ion  of l a r g e  Musculium 
transversum, whose c i l i a r y  bea t ing  r a t e s  had not  recovered t o  normal by t h e  
t ime t h e  experiment was ended a f t e r  4 hours  exposure t o  darkness .  Perhaps t h e  
i n h i b i t i o n  of c i l i a  by l i g h t  is a p r o t e c t i v e  response,  should t h e  clam be  
exposed t o  f a l l i n g  water  l e v e l s  o r  t o  t h e  a i r .  The s h e l l  of a d u l t  f i n g e r n a i l  
clams is t r a n s l u c e n t ,  and t h e  s h e l l s  of smal l  clams a r e  t r anspa ren t .  
4. G i l l  p r epa ra t ions  from t h e  i n t e r t i d a l  mussel,  Myti lus  e d u l i s ,  
maintained t h e i r  c i l i a r y  bea t ing  r a t e s  over  a  broader  temperature range 
than  g i l l  p r epa ra t ions  from f i n g e r n a i l  clams o r  A s i a t i c  clams. Small f inger -  
n a i l  clams had a  broader  temperature range than  l a r g e  ones,  and t h e  A s i a t i c  
clam appeared t o  have t h e  narrowest temperature t o l e rance ,  a t  l e a s t  a s  measured 
by t h e  c i l i a r y  b e a t i n g  response. Addi t iona l  experiments would have t o  be  
performed t o  determine t h e  acc l imat ion  range of t hese  t h r e e  s p e c i e s  of clams, 
and t h e  r e l a t i o n s h i p  between t h e  c i l i a r y  b e a t i n g  response and acc l imat ion  
temperature.  F i n g e r n a i l  clams begin t o  grow r a p i d l y  when water  temperatures  
i n  t h e  Keokuk Pool ,  M i s s i s s i p p i  River ,  r i s e  above 11-13 C. The c i l i a r y  bea t ing  
r a t e  of t h e  f i n g e r n a i l  clam s u b s t a n t i a l l y  increased  above 14-15 C ,  s o  t h e  
f i e l d  r e s u l t s  appear  t o  co r robora t e  t h e  l abo ra to ry  f i n d i n g s .  The l abo ra to ry  
r e s u l t s  a l s o  sugges t  t h a t  t h e  c i l i a r y  f u n c t i o n  of f i n g e r n a i l  clams would be 
d r a s t i c a l l y  reduced i f  water  temperatures  increased  above 30 C. 
5. The h ighe r  t h e  concen t r a t ion  of d i s so lved  oxygen i n  t h e  water  per fus ing  
t h e  g i l l  p r epa ra t ions ,  t h e  g r e a t e r  t h e  c i l i a r y  bea t ing  r a t e .  The c i l i a r y  
b e a t i n g  r a t e  of f i n g e r n a i l  clams r a p i d l y  dec l ined  t o  ze ro  when t h e  d isso lved  
oxygen concen t r a t ion  was reduced t o  2 ppm. It is u n l i k e l y  t h a t  d i s so lved  
oxygen concen t r a t ions  of 2 ppm o r  lower would immediately k i l l  f i n g e r n a i l  clams 
i n  n a t u r e ,  a s  t h e  clams can probably swi tch  from ae rob ic  t o  anaerobic metabolism 
when t h e i r  s h e l l s  a r e  closed.  The clams have oxygen-sensing organs,  t h e  pa lps ,  
l oca t ed  on t h e  g i l l s .  When t h e  pa lps  were removed, t h e  g i l l  p r epa ra t ions  
behaved a s  though they  were i n  water  conta in ing  l i t t l e  d i sso lved  oxygen, 
even though oxygen l e v e l s  i n  t h e  water  were maintained a t  10 ppm. 
6. The h ighes t  concent ra t ions  of sodium n i t r a t e  and sodium s u l f a t e  t e s t e d  
had no e f f e c t  on t h e  c i l i a r y  bea t ing  r a t e s  of g i l l s  from l a r g e  o r  smal l  clams. 
The maximum n i t r a t e  concent ra t ion  we t e s t e d  was equiva len t  t o  18 mg/l a s  
n i t rogen ,  and t h e  maximum s u l f a t e  concent ra t ion  t e s t e d  was 48 mg/l. 
7. F i n g e r n a i l  clam g i l l s  were extremely s e n s i t i v e  t o  copper,  l e a d ,  
and z inc ,  and g i l l s  from l a r g e  clams gene ra l ly  were s e v e r a l  o rde r s  of 
magnitude more s e n s i t i v e  than g i l l s  from smal l  clams. The fol lowing con- 
c e n t r a t i o n s  caused 90% reduc t ions  i n  t h e  c i l i a r y  bea t ing  r a t e s  of g i l l s  
from l a r g e  clams: l ead  (2 u g / l ) ,  copper (.06-.6 y g / l )  , and z i n c  (.06-.65 mg/l).  
Seve ra l  t o x i c  meta ls ,  inc luding  l e a d  and copper,  occur a t  h igher  concentra- 
t i o n s  i n  t h e  I l l i n o i s  River  than  i n  t h e  Miss i s s ipp i .  I n  view of t h e  
extreme s e n s i t i v i t y  of  t h e  clam g i l l s  t o  copper ,  l e a d ,  and z i n c ,  i t  appears 
t h a t  me ta l s  i n  t h e  I l l i n o i s  River  could be a  s i g n i f i c a n t  s t r e s s  on a d u l t  
f i n g e r n a i l  clams. This t e n t a t i v e  conclusion,  which i s  based on t e s t s  w i t h  
t h e  s e n s i t i v e  g i l l  p r epa ra t ions ,  should be v e r i f i e d  wi th  a d d i t i o n a l  b ioassays  
us ing  i n t a c t  f i n g e r n a i l  clams. 
8. There were s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  responses of g i l l s  from 
l a r g e  (6-11 mm) and sma l l  (2-5 mm) clams to :  (a) removal and subsequent 
a d d i t i o n  of  potassium, (b) v a r i a t i o n  of maintenance dosage of potassium i n  t h e  
s o l u t i o n  which bathed t h e  g i l l s ,  and ( c )  l a g  per iod  of response t o  a  s p e c i f i c  
dose. Potassium l e v e l s  r equ i r ed  f o r  maintenance of a  b a s a l  c i l i a r y  bea t ing  
r a t e  were M (39.1 mg/l) f o r  smal l  clams and M (0.039 mgll)  f o r  
l a r g e  clams. Grea ter  concent ra t ions  were c i l i o i n h i b i t o r y .  Lesser  concen- 
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t r a t i o n s  were gene ra l ly  c i l i o e x c i t a t o r y ,  b u t  concent ra t ions  l e s s  than 10 M 
(0.00039 mgll)  and lom9 M (0.000039 mg/l) a r e  i n s u f f i c i e n t  t o  s u s t a i n  b a s a l  
r a t e s  i n  l a r g e  and smal l  clams, r e spec t ive ly .  The i n t a c t  clams were much 
l e s s  s e n s i t i v e  t o  potassium than  t h e  g i l l  p repara t ions .  The maximum ac- 
cep tab le  t o x i c a n t  concent ra t ion  (MATC) f o r  long-term s u r v i v a l  of f i n g e r n a i l  
clams l i e s  between 195 and 275 mg/l potassium. Potassium concent ra t ions  
below t h e  l e t h a l  l e v e l  a c t u a l l y  s t imu la t ed  t h e  growth of f i n g e r n a i l  clams, 
s o  potassium appears  t o  have no s u b l e t h a l  e f f e c t s  t h a t  r e s u l t  i n  reduced 
growth. However, t h e  e f f e c t s  of potassium on t h e  reproduct ion  of t h e  
clams was n o t  determined i n  t h e s e  experiments.  Musculium transversum w a s  
more s e n s i t i v e  t o  potassium than f i s h ,  about a s  s e n s i t i v e  a s  s e v e r a l  
microcrustaceans,  and l e s s  s e n s i t i v e  than  t h r e e  s p e c i e s  of unionid clams. 
The h ighes t  potassium concent ra t ion  i n  25 water  samples taken nea r  t h e  
s u r f a c e  of t h e  I l l i n o i s  River  i n  1975 was 6 mg/l potassium, w e l l  below t h e  
l e t h a l  th reshold .  However, potassium concent ra t ions  a s  h igh  a s  250 mg/kg 
have been found i n  t h e  sediments of t h e  I l l i n o i s  River ,  s o  i t  is p o s s i b l e  
t h a t  water  a s soc i a t ed  wi th  these  sediments provides cons iderably  h igher  
potassium concen t r a t ions  than  water  above t h e  sediments.  Addi t iona l  r e sea rch  
i s  needed i n  t h i s  a rea .  
9. C l a m s  exposed t o  potassium i n  water  w i th  a t o t a l  hardness  equal  t o  
243 mg/l a s  CaC03, responded f a s t e r  t han  clams t e s t e d  i n  water  w i th  a t o t a l  
hardness  equa l  t o  314 mg/l a s  CaC03. The t o x i c i t y  curve of t h e  soft-water  
t e s t  approached a v e r t i c a l  asymptote a t  400 hours ,  whi le  t h e  clams t e s t e d  i n  
t h e  hard water  d i d  n o t  show a l e t h a l  t h re sho ld  even a t  696 hours .  
10. C l a m s  exposed t o  potassium a t  a water  temperature of 6.5 C d ied  
more s lowly than those  i n  water  a t  a temperature of 16.7 C ,  b u t  t h e  l e t h a l  
t h r e sho ld  concent ra t ion  of potassium was n o t  changed. 
11. Large f i n g e r n a i l  clams were more s e n s i t i v e  t o  un-ionized ammonia 
than  sma l l  f i n g e r n a i l  clams, t h e  A s i a t i c  clam (Corbicula  man i l ens i s ) ,  a  
f reshwater  unionid mussel ( E l l i p t i o  complanata), and t h e  i n t e r t i d a l  mussel 
(Mytilus e d u l i s ) .  An un-ionized a~mnonia concent ra t ion  of .03 mg/l ( a s  
ammonia n i t rogen ,  NH -N) caused a  50% reduc t ion  i n  t h e  c i l i a r y  b e a t i n g  r a t e  3  
of  g i l l s  from l a r g e  clams, and a concen t r a t i on  of .05-.06 mg/l  caused com- 
p l e t e  i n h i b i t i o n  of t h e  c i l i a .  The s e n s i t i v i t y  of t he  g i l l  p r epa ra t i ons  
t o  un-ionized ammonia increased  a s  t h e  oxygen conten t  of t he  water  decreased.  
R e s u l t s  of ' t h e  chronic  b ioassay  showed t h a t  t h e  maximum accep tab l e  t o x i c a n t  
concen t r a t i on  (MATC), based on m o r t a l i t y ,  l ies  between .34 and .60 mg/l M3-N, 
and t h e  MATC based on growth l ies  between 0.20 and 0.34 mg/l NH3-N. 
12. Chronic exposure of  clams t o  s u b l e t h a l  concen t r a t i ons  of ammonia 
lowers t h e  t o l e r ance  of t h e i r  g i l l s  t o  a v a r i e t y  of stresses, inc lud ing  addi- 
t i o n a l  exposure t o  ammonia. Previous exposure of clams t o  0.2 mg/l  NH N 3- 
f o r  44 days completely blocked t h e  normal s t i m u l a t o r y  response of t h e  g i l l s  
t o  potassium add i t i on .  I n  f a c t ,  t h e  c i l i a r y  bea t ing  r a t e  was s l i g h t l y  t o  
markedly i n h i b i t e d  a t  a l l  potassium concen t r a t i ons  t e s t e d .  The g i l l s  of t h e  
clams were s e n s i t i z e d  t o  ammonia by prev ious  exposure t o  s u b l e t h a l  concent ra t ions  
of ammonia. A 50% reduc t ion  i n  t h e  c i l i a r y  bea t ing  r a t e  occurred a t  an un- 
i on i zed  ammonia concen t r a t i on  of .09 mgl l  (NH3-N) i n  c o n t r o l  g i l l s  not  pre- 
v i o u s l y  exposed t o  ammonia, a t  .04 mg/l i n  g i l l s  p rev ious ly  exposed t o  0 .1  
mg/l NH3-N f o r  44 days,  and a t  .01-.02 mg/l i n  g i l l s  p r ev ious ly  exposed t o  
0.2 mg/l NH N f o r  44 days. P r i o r  exposure t o  s u b l e t h a l  concen t r a t i ons  of 3- 
ammonia a l s o  reduced bo th  t h e  maximum c i l i a r y  response t o  temperature  and the  
temperature  t o l e r a n c e  range. Decreasing concen t r a t i ons  of oxygen had a  g r e a t e r  
i n h i b i t o r y  e f f e c t  on ammonia-exposed g i l l s  than on g i l l s  no t  exposed t o  ammonia. 
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13. Concentrat ions of un-ionized ammonia i n  t h e  I l l i n o i s  River  i n  1975 
were approximately twice t h e  concent ra t ions  i n  t h e  Keokuk Pool,  M i s s i s s i p p i  
River.  Moreover, t h e  mean and median concent ra t ions  a t  t h e  f o u r  I l l i n o i s  
River s t a t i o n s  where f i n g e r n a i l  clams d ied  out  were c l o s e  t o  t h e  va lue  of 
.03 mg/l NH3-N which caused a 50% reduc t ion  i n  t he  c i l i a r y  bea t ing  r a t e  of 
g i l l s  from l a r g e  f i n g e r n a i l  clams. 
14. There has  been an  alarming decrease  i n  t h e  f i n g e r n a i l  clam 
popula t ions  i n  t h e  Keokuk Pool,  Mis s i s s ipp i  River i n  1976 and 1977. The 
growth of t h e  surv iv ing  clams was a l s o  reduced. I n  1976, t h e  maximum s h e l l  
l eng th  was only 8.3 mm a s  compared t o  12.4 mm i n  both 1974 and 1975. Finger- 
n a i l  clams begin  t o  reproduce when they  a r e  about 5 mm i n  s h e l l  l eng th .  
I n  1974 and 1975, t h e  reproduct ive  popula t ion  numbered 5,000-6,000 clams 
per  square  meter.  I n  1976, t h e  reproduct ive  populat ion was reduced t o  l e s s  
than  1,000 per  square  meter. 
15. Both t h e  low clam populat ion and reduced growth i n  Keokuk Pool  i n  
1976 and 1977 appear t o  be  r e l a t e d  t o  an extremely low r i v e r  d i scharge  a s  a 
consequence of a drought i n  t h e  upper Mis s i s s ipp i  River  bas in .  The fol lowing - 
e f f e c t s  on water  q u a l i t y  f a c t o r s  were observed during t h i s  low-discharge period:  
lowered d isso lved  oxygen concent ra t ions ,  d i sso lved  oxygen s t r a t i f i c a t i o n ,  in -  
creased water  c l a r i t y ,  and e l e v a t i o n  i n  concent ra t ions  of c e r t a i n  m a t e r i a l s  such 
a s  un-ionized ammonia. The h ighes t  un-ionized ammonia va lue  measured i n  
Keokuk Pool i n  1976 nea r  Fo r t  Madison, Iowa was 0.198 mg/l MI3-N, which is 
very near  t h e  l e v e l  of 0.20-0.34 mg/l which a f f e c t s  t h e  growth of f i n g e r n a i l  
clams i n  our  l abo ra to ry  b ioassays  a f t e r  two weeks of continuous exposure. 
The average va lues  of .02-.03 mg/l NH -N i n  Keokuk Pool were c l o s e  t o ,  o r  3 
w i th in ,  t h e  range which caused a 50% reduc t ion  i n  t h e  c i l i a r y  bea t ing  r a t e  
of g i l l s  from l a r g e  clams. Our l abo ra to ry  r e s u l t s  a l s o  showed t h a t  t h e  g i l l s  
become more s e n s i t i v e  t o  low oxygen l e v e l s  and ammonia, fol lowing chronic  
exposure t o  un-ionized ammonia concen t r a t i ons  of 0.10 o r  0.20 mg/l NH N. 3- 
Since  t h e  d i sso lved  oxygen l e v e l s  on t h e  bottom i n  Keokuk Pool were reduced 
du r ing  t h e  drought ,  and tox i can t s ,  such as  heavy me ta l s ,  were presumably no t  
d i l u t e d  a s  much i n  1976-1977 a s  i n  prev ious  y e a r s ,  we hypothes ize  t h a t  
t h e  combined a c t i o n  of a l l  t he se  f a c t o r s  was s u f f i c i e n t  t o  stress t h e  
f i n g e r n a i l  clams i n  Keokuk Pool. Our r e s u l t s  a l s o  showed t h a t  a s  t h e  f i nge r -  
n a i l  clams grow, they become less t o l e r a n t  of extremes i n  environmental 
f a c t o r s  such a s  temperature  and low d i s so lved  oxygen, and less t o l e r a n t  of 
t o x i c a n t s .  We hypothes ize  t h a t  i n  1976-1977, t h e  f i n g e r n a i l  clams i n  Keokuk 
Pool  grew up t o  t h e  po in t  where t h e i r  c i l i a r y  a c t i v i t y  was impaired by envi- 
ronmental f a c t o r s .  A t  t h a t  p o i n t ,  t h e i r  a b i l i t y  t o  feed  and r e s p i r e  was 
impaired,  and they  grew slowly,  i f  a t  a l l .  S ince  t h e  clams must reach a s i z e  
of 5 mm t o  reproduce, and t h e  number of young produced i n c r e a s e s  a s  t h e  s i z e  
of t h e  pa ren t  i n c r e a s e s ,  t h e  s eve re  r educ t ion  i n  growth a l s o  caused a  severe  
r educ t ion  i n  reproduct ion ,  hence reduced numbers of clams i n  1976-1977. This  
i n t e r p r e t a t i o n  could be  confirmed by reproducing t h e  1976-1977 water  q u a l i t y  
cond i t i ons  i n  t h e  l abo ra to ry ,  and observing t h e  e f f e c t s  on clam growth and 
reproduct ion .  
16. The p a r t i c l e  t r a n s p o r t  r a t e  of g i l l s  from l a r g e  clams was more sens i -  
t i v e  t o  suspended p a r t i c l e s  than  t h e  t r a n s p o r t  r a t e  of g i l l s  from smal l  clams. 
Sharp s i l i c a  p a r t i c l e s  impaired t h e  t r a n s p o r t  r a t e  of t h e  g i l l s  more than  
rounded i l l i t e  c l a y  p a r t i c l e s .  The t r a n s p o r t  r a t e  was reduced a t  low concentra- 
t i o n s  of oxygen. A t  a  cons t an t  oxygen concen t r a t i on  of 8 mg/l, a  50% reduc t ion  
i n  t h e  p a r t i c l e  t r a n s p o r t  r a t e  of g i l l s  from smal l  clams was induced by exposure 
5 t o  10 i l l i t e  c l a y  p a r t i c l e s  pe r  l i t e r  (10.2 mg/l) and 5 x  lo1 s i l i c a  p a r t i c l e s  
per  l i t e r  (.002 mg/l).  A t  t h e  same oxygen concent ra t ion ,  a 50% reduct ion  
i n  t h e  p a r t i c l e  t r a n s p o r t  r a t e  of g i l l s  from l a r g e  clams was induced by ex- 
3 posure t o  lo2-10 i l l i t e  c l a y  p a r t i c l e s  per  l i ter  (.01-. 10 mg/l) and 5 x 10 1 
s i l i c a  particles pe r  l i t e r  (. 002 mg/l) . 
17. The bea t ing  of c i l i a  on t h e  g i l l s  of small f i n g e r n a i l  clams was 
almost completely i n h i b i t e d  when t h e  g i l l s  were exposed t o  a sample of water  
taken from t h e  I l l i n o i s  River  on October 5 ,  1977. Normal c i l i a r y  a c t i v i t y  
was maintained when g i l l s  were exposed t o  water  from a shal low,  sand-point 
w e l l  l oca t ed  100 f e e t  from t h e  I l l i n o i s  River.  P a r t i a l  i n h i b i t i o n  of t h e  
c i l i a  occurred when t h e  r i v e r  water  was d i l u t e d  wi th  t h e  w e l l  water .  
18. F i n g e r n a i l  clams developed b i z a r r e  s h e l l  de fo rmi t i e s  and d i ed  
without  reproducing, when they were exposed f o r  fou r  weeks t o  water  con- 
t a i n i n g  a mixture of meta ls  a t  t h e  fol lowing concent ra t ions :  6 .8 mg/l 
potassium, 2.3 mg/l aluminum, 58 mg/l calcium, 0.42 mg/l cadmium, 0.05 mg/l 
chromium, 0.09 mg/l c o b a l t ,  0.52 mg/l copper,  2.2 mg/l i r o n ,  20 mg/l 
magnesium, 0.17 mg/l manganese, 2.7 mg/l l ead ,  and 0.62 mg/l z inc .  Fur ther  
experiments a r e  needed t o  determine which of t h e  above meta ls ,  o r  combina- 
t i o n  of meta ls ,  produced t h e  s h e l l  de fo rmi t i e s  and m o r t a l i t i e s .  X-ray micro- 
probe a n a l y s i s  showed t h a t  t h e  p r i n c i p a l  component of t h e  s h e l l s  was calcium 
i n  t h e  s h e l l  l a y e r s  which were l a i d  down when t h e  clams were s t i l l  i n  t h e  
M i s s i s s i p p i  River.  Af t e r  t h e  clams were introduced t o  t h e  water  con ta in ing  
t h e  meta ls ,  however, t h e  propor t ion  of calcium i n  t h e  s h e l l  dropped, and s i l i c o n  
became t h e  predominant element. Phosphorus and s u l f u r  l e v e l s  were a l s o  somewhat 
e leva ted  i n  t h e  deformed a reas .  It appears  t h a t  some of t h e  above meta ls  i n t e r -  
f e r e  w i th  normal calcium metabolism dur ing  s h e l l  formation. 
RECOMMENDATIONS 
1. Addi t iona l  b ioassays  should be  performed t o  determine whether 
i n t a c t  f i n g e r n a i l  clams a r e  a s  s e n s i t i v e  t o  meta ls  a s  t h e  i s o l a t e d  g i l l  
p repara t ions .  
2. The e f f e c t s  of raw I l l i n o i s  River water  on i n t a c t  f i n g e r n a i l  
clams should be determined. I f  t h e  raw water  a f f e c t s  t h e  i n t a c t  clams, 
a d d i t i o n a l  b ioassays  should be run i n  which f i n g e r n a i l  clams a r e  exposed 
t o  r i v e r  water  t r e a t e d  t o  remove c e r t a i n  components, such a s  s i l t ,  un- 
ion ized  ammonia, and heavy metals .  The r e s u l t s  of t h i s  d e l e t i o n  b ioassay  
would e s t a b l i s h  whether f i n g e r n a i l  clams could su rv ive  i n  t h e  I l l i n o i s  
River i f  c e r t a i n  f a c t o r s  were reduced o r  removed by waste  t rea tment .  
3. Finge rna i l  clams should be exposed i n  t h e  l abo ra to ry  t o  water  
q u a l i t y  condi t ions  which e x i s t e d  i n  t h e  Keokuk Pool i n  1976-1977, t o  de- 
termine whether such f a c t o r s  a s  e l eva t ed  ammonia l e v e l s  and lowered d i s -  
solved oxygen l e v e l s  were r e spons ib l e  f o r  t h e  reduced growth and reproduc- 
t i o n  of clams i n  t h e  Pool i n  1976-1977. 
4. The techniques and appara tus  f o r  measuring t h e  c i l i a r y  bea t ing  
response of g i l l s  from clams should be  considered a s  a  candida te  method 
f o r  r a p i d l y  a s se s s ing  t h e  t o x i c i t y  of new chemicals,  be fo re  they  a r e  r e l ea sed  
t o  t h e  a q u a t i c  environment. 
RELATION OF THIS RESEARCH TO WATER RESOURCES PROBLEMS 
F i n g e r n a i l  clams p l ay  an important  r o l e  i n  t h e  ecology of Midwestern 
waters  and a r e  s e n s i t i v e  t o  water  q u a l i t y  changes. An unexplained die-off of 
f i n g e r n a i l  clams occurred i n  t h e  I l l i n o i s  River  i n  1955, w i t h  dramatic  ecologi-  
c a l  repercuss ions .  S imi l a r  l o s s e s  could occur  i n  o t h e r  waters  ( t h e r e  was, i n  
f a c t ,  a  dramatic  r educ t ion  i n  f i n g e r n a i l  clam popula t ions  i n  t h e  Keokuk Pool ,  
M i s s i s s i p p i  River ,  i n  1976-1977), un l e s s  t h e  reasons  f o r  t h e  die-off  can be 
determined and prevented. By developing informat ion  on t h e  e f f e c t s  of water  
q u a l i t y  on f i n g e r n a i l  clams, t h i s  r e sea rch  has  con t r ibu t ed  t o  t h e  n a t i o n a l  
o b j e c t i v e  of p r e d i c t i n g  eco logic  change and improving water  q u a l i t y .  The re- 
sea rch  has  developed a  new method f o r  r a p i d l y  a s s e s s i n g  water  q u a l i t y  e f f e c t s  
on types  of organisms f o r  which no s t anda rd  method now e x i s t s .  The r a p i d  
development of t h i s  type  of information should be  of i n t e r e s t  t o  t hose  who 
must p l an  and manage water  resource  systems f o r  a  v a r i e t y  of b e n e f i c i a l  u se s ,  
i nc lud ing  r e c r e a t i o n  and t h e  product ion of f i s h  and waterfowl.  The method 
might a l s o  be  used t o  test new chemicals be fo re  they  e n t e r  t h e  a q u a t i c  environ- ' 
ment. The technique might a l s o  be used t o  test c o n t r o l  agen t s  f o r  p e s t  s p e c i e s ,  
such a s  t h e  introduced A s i a t i c  clam, which e n t e r s  and c logs  condenser tubes  of 
power p l a n t s .  
Requests f o r  in format ion  regard ing  both  t h e  methods and d a t a  developed i n  
t h i s  p r o j e c t  have been rece ived  from Donovan M. Oseid of t h e  Un ive r s i t y  of Minnesota 
Department of Entomology, F i s h e r i e s ,  and W i l d l i f e ,  and from Walter Ginsburg, 
Chief Water B a c t e r i o l o g i s t  of t h e  C i ty  of Chicago Water P u r i f i c a t i o n  Laboratory. 
There have been 9  r e q u e s t s  f o r  r e p r i n t s  of p u b l i c a t i o n s  r e s u l t i n g  from t h i s  re- 
search .  I n  a d d i t i o n ,  p r o j e c t  r e s u l t s  have been used by t h e  Div is ion  of Water 
Resources,  I l l i n o i s  Department of T ranspo r t a t i on ,  t h e  I l l i n o i s  Department of Con- 
s e r v a t i o n ,  and t h e  U.S. F i sh  and W i l d l i f e  Se rv i ce  i n  reviewing permi ts  f o r  
development a long t h e  Keokuk Pool ,  M i s s i s s i p p i  River .  
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APPENDIX A. TEST CONDITIONS AND RESULTS OF ACUTE AND CHRONIC BIOASSAYS. 
Table 7 .Tes t  Conditions f o r  Adult Test  A l .  
Dissolved To ta l  
Temperature Oxygen Alkal in i ty  Potassium 
Test  ( c>  (mg/l) (mg/ 1 )  (mg/l> 
Chamber Mean Range pH Mean Range a s  CaCO,) Mean Range 
7 16.7 16.0-17.0 8.50 9.3 8.9-9.8 161 9.5 7.3- 11.7 
( con t ro l )  
Measured only once dur ing  t h e  bioassay. 
Table 8 .  Resu l t s  of Test  A l .  
Mean Potassium P e r c e n t  Dead a t  
Concentrat ion H r  H r  H r  H r  
(mg/l) 4 8 72 9 6 120 
9.5 
( con t ro l )  
95 percent  
confidence limits 
s lope  func t ion  
Table 9. Test Conditions for Adult Test A2. 
Tota l  
Dissolved Alka l in i ty  
Temperature Oxygen ( d l  Potassium 
Tee t (c) PA (mg/l) a s  CaC03) (mg/l) 
Chamber Mean Range Mean Range Mean Range Mean Range Mean Range 
8 17.0 16.0-17.5 8.23 8.13-8.28 9.2 9.0-9.4 152 ' 152-153 2.6 2.0- 3.0 
( con t ro l ) .  
Table 10. Results of Test A2. 
Mean Potassium P e r c e n t  Dead a t  
Concentration Hr Hr Hr Hr Hr Hr Hr 
(mg/l) 48 7 2 96 144 192 240 312 
2.6 5 (0) 5 (0) 5 (0) 5 (0) 5 (0) 5 (0) 5 (0) 
(cont ro l )  
LC50 880 370 280 228 212 2 00 200 
95 percent  707- 293- 229- 185- 167- 156- 156- 
confidence 1094 467 342 281 270 257 257 l i m i t s  
s l ope  func t ion  1.65 1.46 1.38 1.40 1.48 1.78 1.78 
1Numbers i n  parentheses i nd i ca t e  va lues  corrected f o r  con t ro l  mor ta l i ty .  
Table 11. Test Conditions f o r  Juven i l e  Tes t  J1. 
Dieeolved Tota l  
Temperature 
pH Oxygen Alka l in i ty  Potassium Test  (c) (-11) (mg/l (mg/l) 
Chamber Mean Range Mean Range Mean Range a e  CaC03) Mean Range 
7 17.0 16.9-17.2 8.49 8.45-8.50 9.2 9.1-9.3 161 8.1 7.3- 8.6 
(control)  
' ~ e a e u r e d  once during t h e  bioassay. 
Table 12.  Resu l t s  of Test J1. 
P e r c e n t  Dead a t  Mean Potaeeium 
Concentration Hr Hr H r  H r  H r  H r  H r  Hr H r  
(mg/l) 48 72 96 120 168 240 264 293 312 
7.3 0 0 
(control)  
95 percent 
confidence 1753- 960- 
l i m i t s  4158 2940 
elope func t ion  1.63 1.88 
'~ruhbere i n  parenthesee i n d i c a t e  values corrected f o r  con t ro l  mor ta l i ty .  
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Table 13. Test Conditions for Juvenile Test 52. 
Total  
Dieeolved A l b l i n i t y  
Temperature 
pH Oxygen (mg/l Potaseium Test (c) ( ~ 1 1 )  ae  CaC03) (mg/l) 
Chamber Mean Range Mean Range Mean Range Mean Range , Mean Range 
7 16.8 16.0-17.1 8.31 8.25-8.35 9.2 9.0-9.4 159 156-160 2.8 2.1- 3.5 
(control)  
Table 14. Results of Test 52.  
P e r c e n t  Dead a t  Mean Potaesium 
Concentration H r  H r  Hr Hr H r  H r  Hr H r  
(mg1Z) 48 72 96 144 192 240 312 384 
2.8 0 0 5 (0) 5 (0) 10 (0) 15 (0) 15 (0) 20 (0) 
(control)  
95 percent 1574- 775- 419- 280- 283- 271- 261- 
confidence 
l i m i t s  2440 1290 62 1 43 7 362 355 345 
elope funct ion 1.42 2.04 1.57 1.43 1.22 1.24 1.26 
'~umbere i n  parentheeee ind ica te  values corrected f o r  cont ro l  mortal i ty .  
' ~ h i - e ~ u a r e  could not  be determined. 
Table 15. Test  Conditions f o r  Juveni le  Test  53. 
Total  
Diesolved Alkalini ty 
Temperature 
pH Oxygen Potaeeium Test (c)  (mg/l) ae CaC03) ( d l )  
Chamber Mean Range Mean Range Mean Range Mean Range Mean Range 
7 16.7 16.4-17.0 8.66 8.62-8.70 9.5 8.8-10.2 240 216-259 4.7 2.4- 10.0 
(control) 
Table 16. Resul t s  of Test 53. 
Mean Potassium P e r c e n t  Dead a t  
Concentration H r  H r  H r  H r  H r  H r  H r  H r  H r  H r  H r  Hr 
(mg/l) 96 120 144 168 192 240 312 384 456 528 600 696 
4.7 
(control) 
95 percent 1678- 1116- 931- 845- 784- 708- 543- 475- 403- 364- 258- 260- 
'rbrifidence 3725 2898 1231 1137 1092 1020 863 661 571 407 397 394 l i m i t  e 
elope function 1.89 1.72 1.26 1.27 1.31 1.34 1.46 1.31 1.48 1.30 1.42 1.40 
 umbers i n  parentheeee indica te  values corrected f o r  cont ro l  mortal i ty.  
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PE Oxygen (mgll Potassium Test (c) (m&/l) as CaC03) (mgll) 
Chamber Mean Range Mean Range Mean Range Mean Range Mean Range 
6 6.5 5.2-7.1 8 .41  8.32-8.49 11 .2  11.Cb12.0 218 212-220 9 .2  2.4-  12.9 
(control) 
Table 18. Results of Test 54. 
Percent Dead at Mean Potassium 
Concentration Hr Hr Hr Hr Hr Hr Hr Hr Hr Hr 
(mg/l) 72 96 144 192 240 312 384 456 552 64 8 
9 .2  5 5 
(control) ( 0  ( 0  
95 percent 2046- 1313- 
confidence 
limits 3564 2537 
slope function 1.89  1.70 
- 
humbars in parentheses indicate valuee corrected for control mortality. 
~ e s t  chamber contaminated. 
Table 19. Test Conditions for Chronic Bioassay K1. 
Total 
Teet Temperature Dieeolved Oxygen Alkal ini ty  Potassium 
Chamber (c) mg/l X Saturat ion PR me11 CaC03 mgll K 
23.0 + 0.86 
(control) (21.4-24.4) 
'Mean + etandard deviation. 
(Ranee) 
'Only one eample analyzed. 
Table 20. Results of Chronic Bioassay K1. 
Potaeeim 
Teet Concentration 
Chamber ~ / l  
Daye o f  Expoeure  
0 14 28 42 
2.6 + 0.36' 3.4 + 0.55 3.6 + 0.59 3.7 + 0.60 
6 195 5 12.7 Length mm (1.9-3.2) (1.9-4.8) (1.9-5.0) (1.9-5.1) 
(186-204) Total Elortality X - 7.5 15 41.3 
Mean Length mm 2.6 + 0.34 3.5 + 0.56 3.8 + 0.58 4.1 + 0.57 
5 1 1 5 ~  (1.8-3.1) (2.3-4.9) (2.8-5.3) (3.1-5.2) 
Total  Mortality X - 10.4 15.6 48.8 
2.6 2 0.303 
3 43.6 5 0.07 Length mm (1.8-3.0) 
(43'5-43'6) Total  Mortali ty X - 
Mean Length mm 2 . 5 2  0.33 3 . 5 2  0.51 3 . 6 2 0 . 4 8  3 . 7 5  0.55 
2 30.5 (1.9-3.2) (2.6-4.3) (2.7-4.6) (2.7-4.5) 
Total  Mortali ty X - 0 5.0 30.0 
2.6 + 0.28 3.4 2 0.40 3.5 + 0.39 3.7 2 0.36 
1 11.9 + 1.59 Mean Length (2.1-3.1) (2.6-4.0) (2.6-4.1) (3.0-4.2) 
(10.8-13.0) Total  ~ a r t ~ l i t ~  x - 10.5 18.5 67.4 
lWean 2 standard deviation (huge) .  
20nly one eample cmalyred. 
%ank contaminated, eliminated from tea t .  
Table 21. Test  Conditions f o r  Chronic Bioassay K2. 
Total 
Test Temperature Dissolved Oxygen Alkalinlty Potassium 
Chamber (c) mg/l X Saturation pH mgll CaC03 mg/l K 
1  23.8  + 0.67 
(control)  (21.8-24.5)  
I 
Mean + standard deviation (Range). 
'Only one sample analyzed. 
Table 22. Resu l t s  of Chronic Bioassay K2. 
Potasalm 
' ha t  Concentration 
Chamber mg/l 
Days of Exposure  
0  14 28 
2 . 5  + 0.27 2 . 6  2 0.28 2 .7  + 0 .45  Mean Length mm 
275' ( 1 .9 -3 .2 )  ( 2 . 2 - 3 . 3 )  ( 2 .0 -3 .3 )  
Total Mortality % - 40 84.2 
Mean Length mm 2 .6  + 0.25 3 . 1  + 0 . 4 0  3 .5  + 0 . 4 8  
5  184 (2 .1 -3 .2 )  ( 2 .3 -3 .9 )  ( 2 . 3 - 4 . 5 )  
Total Mortality X - 5.5  13.2  
2 .5  0 .23  3 .2  + 0.41 3 . 9  + 0 .59  Mean Length m6 
4  106 (2 .1 -3 .1 )  ( 2 .2 -4 .1 )  ( 2 .3 -4 .9 )  
Total Mortality X - 2 . 5  12.8  
Hean Length 2.6 + 0.27 3 . 3  + 0.47 3 . 4  + 0 .48  
3  6  5  (2 .1 -3 .2 )  ( 2 .3 -4 .5 )  ( 2 .4 -4 .5 )  
Total Mortality % - 2 . 6  10 .3  
Mean Length mm 2 .5  + 0.23 3 . 0  + 0.33 3 . 3  + 0 . 4 0  
2  45 (2 .2 -3 .0 )  ( 2 .3 -3 .7 )  ( 2 .6 -4 .2 )  
Total Mortality X - 5.0  37.5 
2 . 6  + 0.26 3 .0  + 0 .29  3 .1  + 0.25 Mean Length 
1  14 (2 .2 -3 .2 )  ( 2 .2 -3 .5 )  ( 2 .6 -3 .4 )  
(control)  
Total  Mortality % - 5.2  43.6  
l y  one sample analyzed. % + standard deviation (Range). 
Table 23. Test  Conditions f o r  Chronic Bioassay NH 2 .  3 
Total  Tota l  Undissociated 
Test Temperature Dissolved Oxygen Alkalini ty Free C02 Ammonia Ammonia 
Chamber (C) mg/l % Saturat ion pR mg/l CaC03 mg/l m g / l  NU3-N mg/l NH3-N 
1 23.550.47 7.8420.315 92.953.02 8.202 0.041 16952.2 1,9950.185 0.10+ 0.026 0.01+0.002 
(con- 
t r o l )  (22.8-24.5) (7.45-8.52) (87.3-97.4) (8.13-8.33) (168-172) (1.54-2.15) (0.06-0.14) (0.004-0.01) 
'?ban 2 standard deviat ion (Range). 
Table 24. Resul t s  of Chronic Bioassay NH 2 .  3 
Teat Davs of  Exvosure  .--- 
Chamber 0 28 42 
In te rva l  Undissociated - 1.01+0.300 0.9320.304 
h o n i a  mgll NH7-N (0.64-1.53) (0: 46-1.53) 
6 2.3 5 0.28' 2.3 5 0.25 2.3 + 0.31 Mean Length om (1.7-2.9) (1.9-2.7) (2.0-2.7) 
Total  Mortality % - 49.5 92.2 
-_-----------_----_--------------------------------------------------------------------------- 
In te rva l  Undiesociated - 0.62 5 0,143 0.59 5 0.144 
Ammonia n g l l  NH,-N (0.45-0.82) (0.34-0.82) 
.a 
Mean Length m 
Total  Mortality % - 28.7 66.6 
---------------_-_------------------------------------------------------w------------------------ 
In te rva l  Undissociated - 0.34 5 0.085 0.35 + 0.089 
Aarmonia mgll NH.,-N (0.17-0.43) (0.17-0.49) 
- 
Mean Length mm 
Total  Mortality % - 7.9 21.6 
............................................................................................... 
In te rva l  Undieeociated 0.21 2 0.510 0.20 + 0.051 
Ammonia mall  NH,-N 
- (0.11-0.27) (O.llf0.27) 
- 
Mean Length m 
Total  Mortality % - 6.3 10.0 
----------_-_------------------------------------------------------------------------------- 
In te rva l  Undissociated - 0.10 + 0.031 0.10 5 0.030 
Ammonia mgll NH3-N (0.05-0.13) (0.05-0.13) 
Mean Length mi 
Total  Mortality % - 7.5 13.2 
......................................................................................... 
In te rva l  Undissociated 0.01 5 0.002 0.01 + 0.002 
Ammonia mgll NH3-N 
- (0.005-O.OO), (0.004-0.01) 
Total  Mortality 16 - 15.0 21.6 
%can 2 standard deviat ion (Range). 



